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The origin of neutrino masses is currently one of the most intriguing questions of
particle physics and many extensions of the Standard Model have been proposed
in that direction. This experimental evidence is a very robust indication of new
physics, but is not the only reason to go beyond the Standard Model. The existence
of some theoretical issues supports the idea of a wider framework, supersymmetry
being the most popular one. In this thesis, several supersymmetric neutrino mass
models have been studied. In the first part, the phenomenology of models with
bilinear-like R-parity violation is discussed in great detail, highlighting the most
distinctive signatures at colliders and low energy experiments. In particular, the
correlations between the LSP decay and neutrino physics are shown to be a powerful
tool to put this family of models under experimental test. Other important signa-
tures are investigated as well, like majoron emission in charged lepton decays for the
case of models with spontaneous breaking of R-parity. A very different approach is
followed in the second part of the thesis. Supersymmetric models with a Left-Right
symmetry have all the ingredients to incorporate a type-I seesaw mechanism for
neutrino masses and conserve R-parity at low energies. In this case, which only
allows for indirect tests, the generation of neutrino masses at the high seesaw scale
is encoded at low energies in the slepton soft masses. Contrary to minimal seesaw
models, sizeable flavor violation in the right slepton sector is expected. Its exper-
imental observation would be a clear hint of an underlying Left-Right symmetry,
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1. INTRODUCTION
The research developed in this doctoral thesis aims to characterize neutrino masses
in supersymmetric theories, both in models at low and high energies, and the study
of the resulting phenomenology at colliders (such as the LHC or a future ILC),
astroparticle physics and cosmology.
The historic discovery of neutrino oscillations made a major breakthough in
particle physics and implies that neutrinos have masses. This is nowadays an active
field of research that deals with the interdependencies between particle and nuclear
physics, astrophysics and cosmology, areas in which the neutrino plays a central
role.
Thanks to the precision reached by modern experiments it has been possible to
determine the values of the parameters involved in the flavor oscillations observed
in different experiments, obtaining a total agreement and leading to the acceptance
of the oscillation mechanism as the cause of the observed phenomena. Therefore,
due to the lack of neutrino masses in the Standard Model of particle physics, it has
become necessary to go beyond the established theoretical framework in order to
explain their origin.
Furthermore, the Standard Model has also some theoretical problems that make
us think that it is an incomplete theory. In particular, the sensitivity of the Higgs
boson mass to the existence of heavy particles requires a strong fine-tuning of the
parameters if the mass of this particle lies at the electroweak scale. This natural-
ness problem is known as the hierarchy problem. Many ideas have been developed
in order to solve this flaw of the Standard Model. The most popular one, Super-
symmetry, provides a technical solution to the hierarchy problem, while at the same
time it has the necessary ingredients to accomodate new physics. In the case of neu-
trinos, a discrete symmetry, known as R-parity and defined as Rp = (−1)3(B−L)+2s,
with B and L the baryon and lepton number and s the spin of the particle, plays
a determinant role. Both the origin of this symmetry and its connection to the
generation of neutrino masses are topics that deserve investigation in depth.
The present thesis can be divided into two research lines closely linked. On
the one hand, the phenomenology of supersymmetric neutrino mass models with
R-parity violation has been studied in great detail. This type of theories offers a
very rich phenomenology in present and near future experiments. Therefore, the
study of the experimental signals that are predicted is of fundamental relevance to
understand the connection between the underlying theory and the data obtained
by the experimental collaborations. On the other hand, the opposite situation has
been studied as well. If R-parity is conserved, neutrino masses must be generated
in a different way. This has led us into the investigation on the origin of R-parity
and how this can be related to neutrino masses. In particular, supersymmetric
theories with a left-right symmetry represent an ideal framework for this purpose,
since they can lead to R-parity conservation at low energies and incorporate the
seesaw mechanism to generate neutrino masses.
Finally, we should keep in mind that we are living a moment of high expectation
in particle physics, due to the recent startup of the LHC. This will hopefully soon
imply the arrival of large amounts of new experimental data with very valuable
information about the fundamental components of matter. Therefore, this thesis
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mainly focuses on phenomenological issues, concentrating on the LHC and on re-
lated experiments that will attempt to unravel the misteries that nature is still
hidding from us.
1.1 Organization of the manuscript
I start with a list of publications, and the Chapters based on them. The outline is
briefly described.
Chapter 1 contains the introduction, an overview which summarizes the main
ideas and the conclusions of the thesis in Spanish.
Chapter 2 contains the introduction and the organization of the thesis.
In Chapter 3, an introduction to supersymmetry is presented. Starting with
the Standard Model and the well-known hierarchy problem, supersymmetry is mo-
tivated and briefly reviewed. Special attention is paid at the end of the chapter to
the role of R-parity.
Chapter 4 is a review of neutrino mass models. First, the current experimental
situation is discussed and the need for neutrino masses is highlighted. Then, after
a brief discussion on Dirac neutrinos, the chapter focuses on Majorana neutrinos,
describing several models that can generate them.
Chapters 5, 6, 7 and 8 contain the work developed in this thesis on R-parity
violation. After a general introduction in chapter 5, chapter 6 concentrates on Spon-
taneous R-parity violation, defining the model and discussing its phenomenology at
colliders and low energy experiments. Chapter 7 focuses on a different model, the
so-called µνSSM, and studies its phenomenology in great detail. Finally, chapter
8 summarizes this part of the thesis by comparing the different /Rp models under
investigation.
Chapter 9 represents the second part of the thesis, focused on supersymmetric
left-right models and lepton flavor violation. The current status in the theory of LR
models is reviewed and a particular model is chosen for numerical study. After a
detailed discussion on the basic properties of the model our results and conclusions
are presented.
Finally, chapter 10 summarizes the thesis.
2. SUPERSYMMETRY
Supersymmetry is one of the most popular extensions of the Standard Model.
Widely studied over the last decades, it addresses many of the problems, both
theoretical and phenomenological, present in the Standard Model. In addition, it
leads to a plethora of new phenomena, expected to appear at current and future
experiments. A general review is presented here in order to introduce the setup for
the following chapters.
2.1 The Standard Model and the hierarchy problem
An impressive number of measurements have established that the Standard Model
can describe the world of fundamental particles to a very high precision. Colliders
like SPS, LEP or Tevatron have explored its predictions and studied each one of its
fundamental pieces, finding a stunning agreement between theory and experiment.
As a result of this amazing success, the Standard Model has become one of the
essential ingredients in our current understanding of physics.
However, more than two decades after its invention, there are some experimental
results in contradiction with the Standard Model. One of them is the fundamental
motivation for this thesis: neutrino masses. As we will see in the next chapter, the
Standard Model was built under the assumption of massless neutrinos, something
that neutrino oscillation experiments have shown to be wrong.
Furthermore, there are still many theoretical questions that the Standard Model
is not able to answer. Just to mention a few, the unknown origin of the flavor
structure or the uncontrolled radiative contributions to the Higgs boson mass are
unsolved problems in the Standard Model.
These reasons, both experimental and theoretical, point to the need of a new
paradigm beyond the Standard Model. Among the different possibilities, Super-
symmetry (SUSY) is the most popular choice, due to its capability to account for
many of the problems of the Standard Model.
2.1.1 Standard Model basic
The Standard Model (SM) was born as several brilliant ideas in particle physics
gathered together to become a coherent framework1. The consistent combination
of the different pieces led to a global picture that has been shown to describe
very accurately the world of subatomic physics. In fact, after its establishment in
the early 70s the SM has been put to constant experimental test, and only a few
anomalies have been recently found2. In that sense, the SM can be considered as
a very good description of particle physics up to the energies explored, but also as
the starting point for model builders who want to extend it to higher energies.
1 Reference [1] presents the historical development of the Standard Model from the experience
of one of its fathers.
2 Neutrino masses is the most important of these experimental anomalies. The existence of
dark matter and the baryon asymmetry of the universe are other issues, in this case based on
cosmological observations, not explained by the Standard Model.
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The overwhelming success of Quantum ElectroDynamics (QED) in the late 40s
was taken as proof in favor of quantum field theory as a good theoretical frame-
work to describe particle physics interactions. The most controversial issue was the
interpretation of the infinities that appeared in computations beyond the leading
order in perturbation theory [2]. However, the technique of renormalization, whose
purpose is to eliminate these infinities, was shown to give results in good agreement
with the experimental data and after many years was finally regarded as consistent.
The first application of this technique was done by Hans Bethe, who calculated the
famous Lamb shift in 1947 [3], opening a new way to handle the infinities. This
way, the theory developed by Tomonaga, Feynman, Schwinger and Dyson3 became
totally consistent, and even today it remains the most accurate description of a
physical phenomena.
On the other hand, the progress in our understanding of the weak interactions
was a step behind. The four fermion interaction theory developed by Fermi [5, 6]
was known to be plagued with infinities that were impossible to remove. It was clear
that a high energy completion was required and the possibility of an intermediate
vector boson was being discussed as a potential solution to these problems.
Finally, the zoo of baryons and mesons that were discovered along the years
was understood after the establishment of the quark model proposed by Gell-Mann
and Zweig [7, 8]. The idea that hadrons (baryons and mesons) were not fundamen-
tal particles but bound states of quarks was used to classify the discovered states
according to their quantum numbers, in analogy to what Mendeleev did with the
periodic table of the chemical elements. Results from deep inelastic scattering ex-
periments and the discovery of predicted new states provided strong experimental
evidence in favor of internal structure for hadrons, and Gell-Mann was awarded the
Nobel Prize in 1969. However, the underlying dynamics responsible for the quark
interactions inside hadrons was still to be found.
One of the major breakthroughs in the development of the Standard Model was
the work by Yang and Mills [9]. The extension of gauge symmetries to non-abelian
Lie groups was the fundamental piece of the puzzle that allowed theorists to build
intermediate vector boson models with a symmetry basis. However, the masslessness
of the gauge bosons was still a problem, since it was already clear that the weak
interactions are mediated by a massive particle. The missing ingredient, key for
the consistency of the full theory, was the mechanism of spontaneous symmetry
breaking. The works by Englert, Brout, Guralnik, Hagen, Kibble and Higgs [10,
11, 12, 13, 14], preceded by Goldstone and its famous theorem [15], showed that
the gauge bosons get masses when the vacuum structure of the theory leads to
the spontaneous breaking of the gauge symmetry. Nowadays, the so-called Higgs
mechanism is vastly employed as a way to generate masses for particles and its
applications beyond fundamental particle physics are well known.
With all these pieces, Weinberg, Salam, Glashow and other leading theorists in
the late 60s gave birth to the Standard Model [16, 17, 18]. Soon after its invention,
a remarkable theoretical development gave strong support to the model. The work
by Veltman and ’t Hooft, who showed in 1971 that gauge theories are renormaliza-
ble, even after spontaneous symmetry breaking [19, 20, 21, 22], was fundamental to
ensure the validity of the model beyond the tree-level approximation. This consis-
tency check was prior to the experimental support given by the discovery of weak
neutral currents mediated by the Z boson at CERN. Many other tests were done
in the subsequent years and the SM passed all the challenges, becoming one of the
most robust foundations of current physics.
A full description of the Standard Model and its most important features is
far from the scope of this thesis. However, in order to introduce properly the
3 See [4] for selected collection of papers on QED.
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Name Representation SU(3)c, SU(2)L, U(1)Y
quarks
(uL dL) ( 3 , 2 ,
1
6 )
ucR ( 3 , 1 , − 23 )




(νL lL) ( 1 , 2 , − 12 )
lcR ( 1 , 1 , 1 )
Higgs (φ+ φ0) ( 1 , 2 , 12 )
B boson B0 ( 1 , 1 , 0 )
W bosons W1, W2, W3 ( 1 , 3 , 0 )
gluons g ( 8 , 1 , 0 )
Tab. 2.1: SM particle content. Hypercharge is defined following the convention Q = I3L+
Y . Only the first quark and lepton families are presented.
hierarchy problem a brief review will be presented. For more detailed and complete
introductions the reader is referred to the well-known book [23] or more recent
reviews [24, 25].
The Standard Model is a gauge theory based on the group SU(3)c × SU(2)L ×
U(1)Y . This already sets the spin 1 particle content, this is, the gauge bosons of
the model. Since SU(N) has N2 − 1 generators, 8 gauge bosons are required for
SU(3)c, the gluons, and 3 for SU(2)L, the W bosons. Finally, the gauge boson for
the U(1)Y subgroup is the B boson.
Fermions must be assigned to irreducible representations of the gauge group. On
the one hand, the SU(2)L × U(1)Y piece describes the weak and electromagnetic
interactions. The left-handed fermions are given doublet representations under
SU(2)L, whereas the right-handed ones are singlets. The observed violation of
parity is thus explicitly introduced in the theory by making left- and right-handed
fermions different from the beginning. Note however that, for practical purposes,
it is convenient to work with the conjugates of the left-handed fermions, which are
right-handed, instead of the right-handed components themselves. On the other
hand, the SU(3)c piece is the one responsible for the the strong interactions that
only quarks feel, and so they are assigned to triplets of this subgroup.
Finally, it is a well known fact in Yang-Mills theories that mass terms for non-
singlets representations are forbidden by gauge invariance. Therefore, the symmetry
must be broken in order to generate masses for fermions and gauge bosons. For this
purpose a scalar SU(2)L doublet is added. When the so-called Higgs doublet gets
a vacuum expectation value (VEV) the gauge symmetry is broken to the group
SU(3)c×U(1)Q, where Q stands for electric charge. This is the observed symmetry
at low energies.
In table 2.1 the full particle content of the SM is presented.
The most general lagrangian forH , the Higgs doublet, invariant under the gauge
symmetry is
LHiggs = ∂µH†∂µH − V (H†H) (2.1)
where the scalar potential V (H†H) is
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Fig. 2.1: The well-known SM Higgs potential for two parameter configurations. If λ >
0 and µ2 < 0 the minimum of the potential lies at 〈H〉 6= 0, leading to the
spontaneous breaking of the gauge symmetry. Picture thanks to Ian C. Brock and
taken from his website http://www-zeus.physik.uni-bonn.de/ brock/index.php.
V (H†H) = µ2H†H + λ(H†H)2 (2.2)
The parameters µ and λ determine the vacuum structure and their values are
crucial for the validity of the model. For example, for the potential to be bounded
from below one needs the condition λ > 0. Moreover, as shown in figure 2.1, if















The vacuum expectation value of the Higgs doublet breaks the gauge symmetry
SU(3)c×SU(2)L×U(1)Y to SU(3)c×U(1)Q, giving masses to the gauge bosons and
leading to the observed symmetries at low energies. In addition, Yukawa couplings
between the Higgs doublet and the fermions
Y Hf¯RfL + h.c. (2.5)
induce Dirac masses for all of them except for the neutrino, due to the lack of a
right-handed neutrino component4.
This is the Higgs mechanism. The spontaneous breaking of the gauge symmetry
gives masses to gauge bosons and fermions. By writing the neutral component of the
Higgs doublet as φ0 = (h+ v)/
√
2, this is, relative to the minimum of the potential,
one finds that the interactions of the Higgs doublet with the other particles generate
masses
4 In principle, one can generate Dirac masses for the neutrinos just by adding a right-handed
neutrino field to the SM. However, this proposal would require tiny neutrino Yukawa couplings
(Yν . 10−11) as needed to explain the smallness of neutrino masses. Such Yukawa parameters,
much smaller than the other fermion Yukawas, would be theoretically unmotivated, making the
idea of Dirac neutrinos in the SM unappealing. That is the reason why neutrino masses are usually













Fig. 2.2: Feynman diagrams leading to 1-loop corrections to the Higgs boson mass.
M2gauge boson ∼ v2 (2.6)
Mfermion ∼ v (2.7)
In addition, there is one scalar degree of freedom left in the spectrum. The




However, no numerical prediction for this mass can be made, since the value of
µ2 is unknown. In that sense, the Standard Model predicts the existence of a new
particle, the Higgs boson, but cannot determine its mass.
So far only the tree-level mass of the Higgs boson has been discussed. To the
result in equation (2.8) one has to add radiative corrections coming from the inter-
actions of the Higgs boson with the rest of particles.
Let us consider a scalar S with mass mS that couples to the Higgs boson with
an interaction term of the form −λS |H |2|S|2. Then the Feynman diagram in figure












By dimensional analysis, this contribution is proportional to m2S . If the scalar S
is a heavy particle, with a mass much above the electroweak scale, such quadratic
corrections will be much larger than the Higgs boson tree-level mass.
Let us now consider a Dirac fermion f with mass mf that couples to the Higgs
boson with a Yukawa interaction term −λfHf¯PLf + h.c., where PL = 12 (1− γ5) is
the left chirality projector. Then, its contribution to the Higgs boson mass is given












where Tr = Tr[(/p+mf )PL(/p+mf)PR] = 2p
2. Using this result for the fermionic












Where log corresponds to a logarithmic integral that can be absorbed by choos-
ing the right renormalization scale. Again, there is a quadratically divergent integral
that is proportional to m2f . As we saw for the case of the scalar diagram, if the
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will be also much
larger than the tree-level mass.
The problem appears when we think of the SM as an effective theory, obtained
at low energies from an extended model that describes physics at higher energies.
For example, if the SM is to be embedded in a Grand Unification Theory (GUT),
the corrections to the Higgs boson mass given by the particles at the GUT scale
are, according to equations (2.9) and (2.10), proportional to the square of their
masses. Moreover, new physics is also expected at the Planck scale Mp, at which
gravity must be described in terms of a new quantum theory. Therefore, when this
is taken into account one obtains corrections to the Higgs boson mass proportional
to M2p = (10
18 GeV)2, much larger than its natural value at the electroweak scale.
This shows that the Higgs boson, and any scalar particle in general, is extremely
sensitive to the existence of physics at higher energies. With such large quadratic
corrections it is hard to understand how the mass of the Higgs boson could be
at the electroweak scale. Unless a very precise conspiracy among the different
contributions makes them cancel, there is no reason to think that the Higgs boson
would remain as light as to be part of the spectrum of the SM. This is the famous
hierarchy problem5.





λS = |λf |2 (2.13)
the scalar and fermion contributions cancel exactly. However, for that to happen
there must be a reason, a symmetry that relates fermions and bosons.
That symmetry is Supersymmetry.
In the following sections the basic concepts of Supersymmetry and the MSSM
will be introduced. However, a very brief review will be presented, leaving many
technical details for more complete references. For a rigorous superfield treatment
it is highly recommended to use the references [27, 28, 29]. On the other hand,
the well-known reference [30] has a more intuitive approach, highlighting the most
important phenomenological details of the MSSM and its minimal extensions. Fi-
nally, the recent text [31] gives a modern review of our current understanding and
perspectives.
2.2 Basic concepts of Supersymmetry
Supersymmetry is a symmetry that relates bosons and fermions. Although its
origin is far from the hierarchy problem, the most important consequence of its
introduction is the technical solution that it offers to this theoretical drawback of
the SM.
Supersymmetry has many advantages with respect to non-supersymmetric theo-
ries. Both from the phenomenological and the purely theoretical sides, motivations
for Supersymmetry can be found:
• It solves the hierarchy problem.
• It helps to understand the mass problem (radiative symmetry breaking).
5 For a very pedagogical description of the hierarchy problem the reader is referred to the
introductory review [26].
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• It extends the particle spectrum, introducing new states which can potentially
be dark matter candidates.
• Minimal models without additional states lead naturally to gauge coupling
unification at high scales.
• It extends the symmetries of space-time.
• Local supersymmetry opens a window to a quantum theory for gravity: su-
pergravity.
• Supersymmetric theories have better ultraviolet behavior than non-super-
symmetric ones.
For brevity only the gauge hierarchy problem and how the cancellation of quadratic
divergencies occurs in SUSY will be discussed in some detail below. For the rest
the reader can see the well-known literature [27, 28, 29, 30, 31].
These advantages have made supersymmetric theories the object of detailed
study for the last years, as can be clearly seen in the scientific literature. Many
proposals for supersymmetric models have been made in order to solve questions
unanswered in the standard model. From the simplest SUSY extension, the MSSM,
to more complicated constructions, issues like electroweak symmetry breaking, neu-
trino masses, flavor structure and grand unification have been addressed with the
help of Supersymmetry.
2.2.1 Foundations of Supersymmetry
Symmetries play a central role in our current understanding of physics. Not only do
they have the power to explain the links between different phenomena, but also they
have been shown to be a fundamental tool to describe the dynamics of a physical
system. Many examples support this idea and this thesis cannot list them all.
In particular, symmetries have been used for a long time in the field of particle
physics. From the pioneering works of Yang andMills [9] and their subsequent trans-
formation into our present gauge theories, to their constant use in flavor physics,
with Gell-Mann’s Eightfold way [7] as prominent example, one can find many cases
that clearly show how important symmetries are in the development of our current
theories. It is therefore a good strategy to look for higher symmetry principles that
can provide a connection for phenomena that seem to be unconnected.
Nowadays, particle physics is built on the theoretical framework of Quantum
Field Theory (QFT). Having special relativity as one of its constituent pieces, the
symmetries of spacetime in QFT are encoded in the Poincare´ group. Under this
group, coordinates transform as
xµ → x′µ = Λνµxν + aµ (2.14)
where Λ is a Lorentz transformation and aµ a spacetime translation. The gener-
ators of these transformations areMµν , a tensor that includes rotations and boosts,
and the four-momentum Pµ. They follow the algebra
[Pµ, P ν ] = 0 (2.15)[
Mµν , Pλ
]
= i(Pµgνλ − P νgµλ) (2.16)[
Mµν ,Mλσ
]
= i(Mµσgνλ +Mνλgµσ −Mµλgνσ −Mνσgµλ) (2.17)
where gµν = diag(1,−1,−1,−1) is the Minkowski metric tensor.
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In order to characterize the irreducible representations one has to find the
Casimir operators, this is, the operators that commute with all the generators of
the algebra. A representation will be labeled by the value that these invariant op-
erators take when they act on them. In the case of the Poincare´ group the Casimir
operators are
P 2 = PµP
µ (2.18)
W 2 = WµW
µ (2.19)
The eigenvalues of the P 2 operator are known to be the masses of the particles,
whereas




is the Pauli-Lubanski operator, whose eigenvalues are related to the spin of the
particle or, in the case of a massless particle, to its helicity. Therefore, an irreducible
representation of the Poincare´ group, what we call particle, will be characterized by
its mass and its spin or helicity.
In the sixties the question arose whether it was possible to extend the Poincare´
group in order to combine it with internal symmetries of the particles in a non-trivial
way. By internal symmetries we understand symmetry groups that act on internal
properties of the particles and whose generators are Lorentz scalars. Examples of
such symmetries are electric charge and isospin.
An answer to this issue was given by the famous no-go theorem by Coleman
and Mandula [32], who showed that the most general symmetry of the S matrix is
the direct product Poincare´ ⊗ internal, where these two groups act independently
in a trivial way. However, the proof contained a loophole, since it only considered
commutating generators. When one allows for the existence of anticommutating
generators new possibilities open up, as shown by Haag, Lopuszanski and Sohnius,
who extended the Coleman-Mandula theorem in 1975 [33]. Instead of following
commutation relations, the fermionic generators (as they are also known in op-
position to commutating or bosonic generators) follow anticommutation relations.
Including such operators it is possible to unify the Poincare´ group with the internal
symmetries.
A few years earlier the first works that incorporated fermionic generators [34]
and supersymmetric field theory [35, 36, 37] had already appeared in what can be
considered the birth of Supersymmetry. The work by Wess and Zumino [37] is
usually considered the starting point for the study of supersymmetric field theory
and most of our current formalism is based on their early developments.
Let us consider fermionic generators Qα and Q¯α˙, two components Weyl spinors
(α, α˙ = 1, 2). These operators satisfy the algebra
{Qα, Qβ} = 0 (2.21)
{Q¯α˙, Q¯β˙} = 0 (2.22)
{Qα, Q¯β˙} = 2(σµ)αβ˙Pµ (2.23)
where σµ = (1, σi) and σi are the Pauli matrices. Their commutation relations
with the usual generators of the Poincare´ group are
[Pµ, Qα] = 0 (2.24)
[Mµν , Qα] = −i(σµν)αβQβ (2.25)
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The resulting symmetry group is the Super-Poincare´ group and the algebra
followed by its generators is the Super-Poincare´ algebra. An algebra that includes
fermionic generators is called graded algebra or super-algebra.
Analogously to the Poincare´ group one must find the Casimir operators in order
to characterize the irreducible representations of the group. It is easy to show that,
after the addition of the new fermionic generators, the vanishing conmutator
[Qα, P
2] = 0 (2.26)
is still obtained. However
[Qα,W
2] 6= 0 (2.27)
which shows that the irreducible representations of the SUSY algebra, the
so-called supermultiplets, must include particles with the same mass, but differ-
ent spins/helicities. The fermionic generators Qα and Q¯α˙ transform bosons into
fermions and vice versa
Qα|fermion〉 = |boson〉 , Q¯α˙|boson〉 = |fermion〉 (2.28)
Particles in the same supermultiplets are called superpartners. It is easy to
show that in any supermultiplet the number of bosonic degrees of freedom equals
the number of fermionic degrees of freedom.
There are several methods to build supersymmetric lagrangians, this is, la-
grangians which are invariant under SUSY transformations. The most elegant one
is based on the superfield formalism [27, 28, 29] where all the fields belonging to the
same supermultiplet are described using one single function defined in superspace.
However, it is also possible to work with component fields [30] and get the same
conclusions. In either case, these are the basic ingredients that one has to specify
in order to build a supersymmetric theory:
1. Particle content
The first step is to specify the particles in our model. One has to take into
account that SUSY implies that for every particle in the spectrum one must add
another one with the same mass but different spin. Therefore, instead of particles
one usually speaks of superfields that contain both. Two types of superfields will
be considered in the following: (1) chiral superfields, which contain a scalar and a
fermion, and (2) vector superfields, which contain a fermion and a vector boson.
2. Gauge group
Next, one has to choose a gauge group and assign gauge charges to the particles
in the model.
3. Superpotential
The non-gauge interactions are introduced in Supersymmetry using a mathemat-
ical object called superpotential. This is an holomorphic function of the superfields
and it is how Yukawa couplings are included in the theory. Its general form is highly
restricted by SUSY.
4. Soft lagrangian
Up to now only unbroken SUSY theories have been discussed. As already ex-
plained, SUSY implies that for every fermion there must be a boson with the same
mass. That would mean, for example, the existence of a boson with the mass of the
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electron. However, such particle would have been already discovered. Therefore, if
Supersymmetry is realized in nature, it cannot be an exact symmetry. It must be
broken. This way, particles in the same supermultiplet would have different masses
as needed to account for the non-discovery of the superpartners of the SM fermions.
The way SUSY is broken is unknown and many mechanisms have been proposed,
see [38] for a review. In practice, this ignorance is solved by introducing by hand
new terms in the lagrangian that break SUSY explicitly but preserve the properties
that motivate it. In particular, these new terms, known as soft SUSY breaking
terms, do not spoil the solution that SUSY offers for the hierarchy problem. It has
been rigorously shown [39] that this requirement constrains the possible new terms,
that can only contain masses for scalars and gauginos, and couplings for the scalars
of the same type as in the superpotential6.
With these four ingredients one can build a realistic supersymmetric model.
The simplest example is the MSSM, the minimal supersymmetric extension of the
standard model.
2.2.2 The MSSM
The Minimal Supersymmetric Standard Model (MSSM) was proposed in the 80s as
a solution to the hierarchy problem [40] and since then it has been object of intense
study.
In the MSSM, and any SUSY model in general, each SM particle is put in a
supermultiplet together with its superpartner. This leads to a duplication in the
number of particles and makes necessary to create a new way to name particles. The
names of the scalar superpartners are made by adding the prefix ‘s-’. For example,
the scalar partners of the leptons are the sleptons. On the other hand, the name
of the fermion superpartners is obtained by adding the sufix ‘-ino’ to the name of
the particle. This way, the superpartner of the photon is the photino, whereas the
superpartner of the Higgs boson is the higgsino. Both for scalars and fermions the
standard notation for the SM superpartners is given by a tilde added to the symbol
of the SM particle. For example, the selectron would be written as e˜.
The gauge group of the MSSM is the same as in the SM, SU(3)c × SU(2)L ×
U(1)Y , and the gauge quantum numbers of the superfields are assigned in the same
way. In principle one could think of having twice as particles as in the SM, due to
the SUSY duplication. However, there is an additional detail that further extends
the spectrum. One Higgs doublet superfield is not sufficient, and a second one has
to be added. There are two reasons for this:
• The superpotential has to be holomorphic. That means that it has to be
written in terms of the superfields, and not their complex conjugates. With
this restriction, and due to U(1)Y gauge invariance, one cannot write Yukawa
couplings for both up-type and down-type quarks only with a Higgs doublet
with hypercharge Y = + 12 . Therefore, one needs to add a second Higgs
doublet, with hypercharge Y = − 12 , in order to build gauge invariant Yukawa
couplings for both quark sectors.
• In the SM the gauge anomalies cancel exactly. However, after extending
the spectrum to include the new SM superpartners, the higgsino spoils this
cancellation. The solution is again the addition of a second Higgs doublet
superfield with the opposite hypercharge, that cancels this new contribution.
The superpotential of the MSSM is
6 In general, a term is said to break SUSY softly if it has positive mass dimension. The rest of
SUSY breaking terms are called hard.
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Name Spin 0 Spin 1/2 SU(3)c, SU(2)L, U(1)Y
squarks, quarks





R ( 3 , 1 , − 23 )
d̂c d˜∗R d
c




L̂ (ν˜L l˜L) (νL lL) ( 1 , 2 , − 12 )
êc l˜∗R l
c



















u) ( 1 , 2 ,
1
2 )
Name Spin 1/2 Spin 1 SU(3)c, SU(2)L, U(1)Y
bino, B boson V̂1 B˜
0 B0 ( 1 , 1 , 0 )
wino, W bosons V̂2 W˜1, W˜2, W˜3 W1, W2, W3 ( 1 , 3 , 0 )
gluino, gluon V̂3 g˜ g ( 8 , 1 , 0 )
Tab. 2.2: MSSM particle content. Hypercharge is defined following the convention Q =

























d − µĤad Ĥbu
]
(2.29)
where i, j = 1, 2, 3 are family indices, a, b = 1, 2 are SU(2) indices and ab is the
totally antisymmetric Levi-Civita tensor. The Yu, Yd and Ye matrices are the usual
Yukawa couplings while µ is a parameter with dimensions of mass.
If SUSY was conserved the number of free parameters in the model would be
smaller than in the SM. However, the introduction of the soft lagrangian changes
this fact since it contains many new free parameters. Moreover, note that without
the soft terms it would be impossible to break the electroweak symmetry. In the
SUSY limit the scalar potential is constrained to be strictly positive, and thus
spontaneous symmetry breaking cannot be realized.
The soft SUSY breaking terms of the MSSM are

























































where c = 1, 2, 3 and d = 1, . . . , 8. Sometimes the trilinear parameters in equa-




α , with α = u, d, e. However, we will follow
the convention of [41, 42] instead. Note that Lsoft clearly breaks SUSY, since it
introduces interaction terms for some fields but not for their superpartners.











and, like in the SM, this mechanism gives masses to the gauge bosons Z0 and
W± and, due to the Yukawa couplings, to the quarks and charged leptons. However,
unlike the SM, there are two important differences
1. Due to the existence of two complex Higgs doublets we have eight degrees
of freedom. When the gauge bosons eat three of them to give mass to their
longitudinal components, five physical states remain in the spectrum. These
are the neutral h0, H0, A0 and the charged H±.
2. Higgsinos and SU(2)L × U(1)Y gauginos mix after the breaking of the elec-
troweak symmetry. The neutral higgsinos (H˜0d and H˜
0
u) and the neutral gaug-
inos (B˜0 and W˜ 0) lead to four mass eigenstates known as neutralinos, χ˜01...4.
On the other hand, the charged higgsinos (H˜−d and H˜
+
u ) and the charged winos
W˜± also mix in two mass eigenstates known as charginos, χ˜±1,2. Squarks, slep-
tons and gluinos also mix separately.
Apart from these novelties, very interesting from the phenomenological point
of view, supersymmetry offers an important improvement in our understanding of
electroweak symmetry breaking. As discussed below, the mechanism of radiative
symmetry breking is one of its most attractive motivations and is a natural conse-
quence once the MSSM is embedded in a larger framework with universal conditions
at the GUT scale7.
Models with many parameters are not predictive. In the case of the MSSM,
the large number of arbitrary parameters that appear in the soft lagrangian (2.30)
makes it hard to give numerical predictions for observables8. From a practical point
of view, it would be necessary to reduce the number of parameters by making some
assumptions on the way supersymmetry gets broken. In fact, if the SUSY breaking
mechanism was known, all the soft parameters would be linked to a few, the ones
that describe the dynamics of the sector that breaks SUSY. However, if the soft
parameters are totally free, the high dimensional parameter space will be extremely
difficult to analyze.
Therefore, it is common to assume some SUSY breaking scenarios. Without
specifying the complete theory that breaks SUSY one can describe its effects by
imposing some universal conditions to the soft parameters at some high energy
scale where SUSY gets broken. These conditions clearly reduce the number of
parameters. Then, with the embedding of the MSSM in a more general framework
one can use the renormalization group equations (RGEs) of the MSSM to obtain
the resulting values of these soft parameters at the electroweak scale.
Moreover, these universal conditions are also motivated by two well-known pro-
blems of the MSSM: the SUSY flavor problem and the SUSY CP problem. The
values of the soft parameters at the SUSY scale are strongly constrained due to their
contributions to flavor-changing and CP violating processes. For example, the off-
diagonal element (m2ec)12 contributes to the lepton flavor violating decay µ → eγ,
whose branching ratio is bounded to be below 1.2 × 10−11 by the MEGA experi-
ment [43, 44]. By assuming flavor and CP blind conditions for the soft parameters
7 Another key ingrediente for radiative symmetry breaking is a large top quark mass, which is
in fact the case as measured by the Tevatron collider.
8 There are some exceptions, however, like the mass of the lightest Higgs boson, h0, which can
be predicted in supersymmetry due to the constrained form of the scalar potential.
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at some high scale, the resulting flavor off-diagonal entries and CP violating phases
at the SUSY scale are strongly suppressed, leading to low rates for the dangerous
processes.
One of the most popular scenarios is the cMSSM (constrained MSSM), also
known as mSUGRA (minimal SUperGRAvity)9. The breaking of SUSY is due to

















M1 =M2 =M3 =M1/2 (2.35)
Tu = A0Yu , Td = A0Yd , Te = A0Ye (2.36)
where I is the identity in family space. Then one is left with the following free
parameters: a universal gaugino mass (M1/2), a universal scalar mass (m0), the
trilinear coupling A0 and, since they are not embedded in this framework, the µ
and Bµ parameters.
The µ and Bµ parameters belong to the Higgs sector of the MSSM and thus can
be linked to the VEVs vd and vu through the minimization conditions. The MSSM
tadpole equations are
m2Hd + |µ|2 −Bµ tanβ +
m2Z
2
cos 2β = 0 (2.37)
m2Hu + |µ|2 −Bµ cotβ −
m2Z
2






is the ratio between the VEVs of the Higgs doublets.
A comment concerning the µ parameter must be made here. As shown in the
tadpole equations, its interplay with the rest of the parameters in the Higgs sec-
tor determines the vacuum structure of the theory. Therefore, the value of the µ
parameter must lie around the electroweak scale. Otherwise, equations (2.37) and
(2.38) would need to be fine-tuned in order to cancel the different contributions and
lead to the correct symmetry breaking, with vd and vu at the electroweak scale.
On the other hand, the µ term in the superpotential is a supersymmetry conserv-
ing term and thus it is expected to lie at the GUT scale or beyond. In that case
one would need an extreme fine-tuning for electroweak symmetry breaking to work.
This discrepancy between the phenomenologically required value and the theoreti-
cal expectation is known as the µ-problem [46]. Several solutions to this naturalness
problem of the MSSM have been proposed and one of them will be discussed in this
thesis.
From equations (2.37) and (2.38) it is clear that one can exchange µ and Bµ for
tanβ, since for any value of this ratio one can solve them to find the appropriate
values for µ and Bµ that lead to the minimum of the scalar potential. Note however
that the sign of µ is not determined and thus is left as a free parameter. Therefore,
the mSUGRA parameter space is described by m0, M1/2, A0, tanβ and sign(µ).
9 In the following we will use the names mSUGRA and cMSSM as synonyms, although this is
not totally correct. In fact, minimal supergravity models lead to a more contrained SUSY breaking
scenario than what will be considered here. However, due to the usual naming in the literature,











Fig. 2.3: Yukawa and 4-point scalar interactions obtained from a superpotential term
Yf Ĥf̂Lf̂R.
In addition to making the model much more predictive, the MSSM embedding in
this framework leads to an additional consequence concerning electroweak symmetry
breaking. By inspection of the potential one can find some conditions that must
be fulfilled by the parameters in the Higgs sector. These come from demanding a
potential bounded from below and the non-stability of the trivial minimum with
vd = vu = 0. The resulting conditions are
(Bµ)
2 > (m2Hd + |µ|2)(m2Hu + |µ|2) (2.40)
|Bµ| < 2|µ|2 +m2Hd +m2Hu (2.41)
In order for these inequalities to make sense the soft SUSY breaking parameters
are expected to be close to the EW scale. Otherwise very large cancellations are
required. As will be shown below, this is also needed to provide a technical solution
to the hierarchy problem.




, equality that holds at the GUT scale due to the mSUGRA universal
conditions. However, these two parameters evolve differently in their RGE running
from the GUT scale. In fact, the large contributions given by the top Yukawa,
present for m2Hu but not for m
2
Hd
, naturally imply a negative value for m2Hu , al-
lowing for the spontaneous breaking of the EW symmetry. In conclusion, the EW
symmetry is broken by radiative effects, in the so-called Radiative EW symmetry
breaking mechanism, another interesting property of supersymmetric models.
2.2.3 Supersymmetry and the hierarchy problem
After this brief introduction let us consider the main motivation for supersymmetry:
the solution to the hierarchy problem [40]. The Yukawa interaction in diagram
2.3(a) and the scalar 4-point interaction in diagram 2.3(b) are obtained from the
same superpotential term. With this common origin, imposed by SUSY, it is clear
that a cancellation is likely to happen. In fact, if we consider the top quark and the
corresponding scalar top, the so-called stop, and their contributions to the Higgs
boson mass, we get the diagrams in figure 2.4. Here t˜1 and t˜2 are the resulting mass
eigenstates induced by t˜L and t˜R mixing. When the electroweak symmetry gets
broken by the Higgs VEV these chiral states mix leading to two mass eigenstates
t˜1 and t˜2.
Note that both diagrams in figure 2.4 share the same coupling, following the
condition (2.13), necessary for cancellation. This is a direct consequence of SUSY,
not spoiled by the fact that it is broken softly.
In addition, after electroweak symmetry breaking the Feynman diagram in figure

















Fig. 2.5: Top-Stop 1-loop corrections to the Higgs boson mass in the MSSM. This diagram















which is logarithmic and thus does not contribute to the dangerous quadratic
divergences.
Summing up all contributions one can calculate the 1-loop correction to the
Higgs boson mass. In the SUSY limit, with Lsoft = 0, one gets a total cancellation.
If the soft breaking terms are switched on this cancellation is not exact anymore,
but a correction to the mass of the Higgs boson is obtained [47, 48, 49, 50, 51]. An
explicit calculation gives the leading order result






Three comments are in order:
• If mt = mt˜1 = mt˜2 the correction vanishes. This is, as explained, what is
obtained with unbroken SUSY.
• The correction is logarithmic. No quadratic divergence appears.
• Without this correction the MSSM would be ruled out. It can be easily shown
that the tree-level scalar potential of the MSSM predicts a very light Higgs
boson, mh < mZ cos(2β), ruled out by LEP data. This tree-level bound is
due to the fact that the quartic coupling of the Higgs boson in the MSSM
is not free, but originates from gauge interactions, directly connected to the
gauge bosons masses. With the top-stop contribution, the 1-loop corrected
Higgs boson mass evades the LEP bound making the MSSM a viable model.
From the previous discussion it is clear that the soft SUSY breaking parameters
















Fig. 2.6: The squarks could mediate a disastrous fast proton decay if both λ′ and λ′′ are
present simultaneously.
the tadpole equations of the MSSM were discussed (see eqs. (2.40) and (2.41)).
Now, another indication has been presented. If the SUSY scale, this is, the scale at
which the soft parameters lie, is much higher than the electroweak scale, the 1-loop
corrections to the Higgs boson mass will be large, and a small fine-tuning will be
required. These two arguments point to the same direction: the SUSY scale cannot
be very far away from the energy scales under current exploration.
In conclusion, if the soft parameters have values close to the electroweak scale
the correction to the Higgs mass are under control. Only logarithmic corrections
are obtained and the Higgs boson mass remains naturally at the electroweak scale.
This is the supersymmetric solution to the hierarchy problem.
2.3 R-parity
The superpotential (2.29) is not the most general renormalizable superpotential
that is compatible with SUSY and gauge invariance. It is actually possible to add
new terms, leading to
W =WMSSM +W /Rp (2.44)
where


































The first three terms in W /Rp break lepton number (L) whereas the last one
breaks baryon number (B). The presence of these new couplings is not welcome,
since there is no evidence so far for any physical process that breaks B or L. The
strongest restriction comes from the non-observation of proton decay, that would
break both B and L. If the λ′ and λ′′ couplings were simultaneously present the
life time of the proton would be extremely short unless they are extremely tiny
[52, 53, 54, 55, 56, 57]. For example, Feynman diagramms like the one in figure 2.6








If λ′ y λ′′ are of order 1 and the squarks have masses around the TeV, this
equation would be translated into a life time of a fraction of a second. This phe-
nomenological disaster is solved in the MSSM by introducing a new symmetry by
hand that forbids the terms in W /Rp . This symmetry is known as R-parity [58, 59].
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The R-parity of a particle is defined as
Rp = (−1)3(B−L)+2s (2.47)
where s is the spin of the particle. It is easy to check that all SM particles
have Rp = +1 while their supartners have Rp = −1 (in the following particles with
Rp = −1 will be called superparticles). It is straightforward to verify that all terms
in (2.45) break R-parity. The MSSM is defined as R-parity conserving.
This phenomenological requirement can be seen as a step back from the SM,
where this problem does not exist, since all the allowed renormalizable interactions
preserve both B and L. However, as discussed below in this thesis, R-parity can
be motivated as a remaining symmetry of a larger group, broken at higher energy
scales leading to the MSSM. Nevertheless, the conservation of R-parity has very
important implications:
• The Lightest Supersymmetric Particle (LSP) is stable. If it is electrically
neutral and it has no color, it would only interact weakly, being a good dark
matter candidate.
• Superparticles are produced in pairs at colliders.
• Every superparticle, apart from the LSP, decays into a final state with an odd
number of LSPs. Since they are stable and escape detection at colliders, this
is seen as a missing energy signal.
With these advantages, R-parity is a very practical assumption, made by most
of the theoretical studies based on supersymmetry.
2.3.1 R-parity violation
R-parity is a central element in the MSSM. Its conservation is imposed to forbid the
highly constrained lepton and baryon number violating interactions. In addition,
it provides a dark matter candidate, opening the way to the solution to one of the
major problems in modern cosmology.
However, no robust theoretical argument supports R-parity and its violation is
an interesting alternative that offers many changes with respect to the standard
picture10. In particular, in this thesis R-parity violation /Rp has been explored in
connection with neutrino masses, since the violation of lepton number automatically
leads to masses for the neutrinos.
This is easy to understand. The /Rp superpotential term iL̂iĤu mixes neutri-
nos with neutral higgsinos, which have Majorana masses coming from the MSSM
couplings. This way, by choosing a small  mixing term neutrinos get masses in
the proper range. This is a simple realization of the seesaw mechanism at the
EW/SUSY scale.
A comment should be made here about proton decay. As shown a few lines
above, both L and B violations are needed for the proton to decay. Therefore, if
one relaxes R-parity conservation to B conservation (or any other symmetry that
allows for L violation) neutrino masses are generated while the proton is still stable.
If R-parity is broken, collider phenomenology will be completely different. In
particular, in /Rp SUSY the LSP is no longer stable and decays to final states con-
taining SM particles. This changes all the standard strategies for SUSY searches,
focused on final states with missing energy. There are important implications in
cosmology as well. The standard LSP dark matter candidate is lost. Neverthe-
less, other theoretical possibilities are available and an explanation for the observed
10 See [60] for a detailed review on R-parity violation.
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amount of dark matter is still possible. Well studied examples are the gravitino
[61, 62, 63], the axion [64, 65] and its supersymmetric partner, the axino [66, 67].
The main advantage of R-parity violating neutrino mass models with respect to
R-parity conserving ones is their clear predictions for colliders. As will be shown
along the lines of this thesis, LSP decays are closely linked to the flavor structure
in the neutrino sector, allowing for precise predictions at colliders. This makes
/Rp neutrino mass models one of the very few examples where colliders can really
tell us about the origin of neutrino masses, in opposition to the standard SUSY
seesaw framework that can only be tested indirectly in some particular scenarios11.
Finally, the constraints coming from the non-observation of L or B violating
processes imply that /Rp couplings must be small [60, 68]. Therefore, if one allows
for /Rp , model building is required if one wants to explain the smallness of the new
couplings. This is another important issue related to /Rp that will be considered in
this thesis.
In conclusion, two approaches are considered in this thesis concerning the role
of R-parity:
• R-parity violation: If R-parity is not conserved, how is it broken? And how
can we probe it? What are the signals at the LHC? What is the connection
to neutrino masses?
• R-parity conservation: If R-parity is a good symmetry at the EW/SUSY scale,
what is the mechanism behind? How does the neutrino get a mass and how
can we test it?
These are the two main lines of research that will be further explained in the
following chapters of this thesis.
11 The non-SUSY seesaw mechanism does even worse, and neither direct nor indirect tests are
known. The large mass of the right-handed neutrinos, or the heavy fields in other realizations,
makes impossible any chance to produce them at colliders. As we will see, SUSY seesaw models
have an advantage, with additional phenomenology due to the flavor information hidden in the
slepton sector.
3. NEUTRINO MASS MODELS
Since the invention of the Standard Model and its subsequent development no ex-
perimental result challenged its foundations. This agreement between theory and
experiment, obtained even in high precision measurements, established the Stan-
dard Model as a good description of all the known phenomena in particle physics.
However, the discovery of neutrino oscillations in the late 90s was the first clear
evidence for physics beyond the Standard Model, and pointed to the necessity of an
extension in the leptonic sector that can account for neutrino masses. In this chapter
several neutrino mass models will be reviewed, emphasizing their most important
properties and how they are related to the present thesis.
3.1 Current experimental situation
Based on the fact that neutrinos were always observed to be left-handed, as opposed
to the other fermions that could be found with both chiralities, and because no
experimental result pointed to a non-zero neutrino mass, the fathers of the Standard
Model decided not to add right-handed neutrinos to the particle spectrum.
Without right-handed neutrinos it is not possible to write down a Yukawa term
that can lead to Dirac masses for neutrinos. Therefore, neutrinos are massless in
the Standard Model. This statement is valid at any order in perturbation theory
due to the underlying U(1)B−L symmetry.
However, this simplistic choice was shown to be wrong after the establishment
of neutrino oscillations as the mechanism behind the observed neutrino deficits. For
many years, different experiments showed a clear difference between the neutrinos
that were detected and the theoretical expectations. This is nowadays understood
in terms of neutrino flavor oscillations, a mechanism that implies that neutrinos
must be massive.
Let us begin with a short review of the experimental situation.
3.1.1 Neutrino deficits
The Sun produces neutrinos in the nuclear reactions that continuously occur in its
interior. These neutrinos escape in all directions, some of them reaching the Earth
and our detectors. With a precise knowledge of the solar evolution and structure
one can determine the neutrino flux on Earth and the number of neutrinos that are
expected to be detected by a given experiment.
For many years, several experiments have been accumulating data on solar
neutrinos. To name a few, Homestake [69, 70, 71], SAGE [72, 73], GALLEX-
GNO [74, 75, 76], Kamiokande [77], Super-Kamiokande [78, 79, 80, 81] and SNO
[82, 83, 84, 85] are experiments designed to detect solar neutrinos and measure their
properties. These collaborations were able to determine solar neutrino fluxes that
one can compare with the theoretical expectation.
However, all the experiments detected less neutrinos than predicted by the Stan-
dard Solar Model (SSM) [86, 87, 88, 89, 90, 91]. This theoretical model has suc-
cessfully passed the observational tests along the years and is considered a robust
description of the processes inside the sun. However, it fails to predict the number
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of neutrinos detected on Earth, which is reduced by 30− 60%. This discrepancy is
known as the solar neutrino problem.
Furthermore, neutrinos are also produced in the atmosphere. When a cosmic
ray hits an air molecule in the higher parts of the atmosphere, a particle shower is
produced, including some neutrinos that travel towards the Earth, where detectors
are placed underground to measure their properties. Theoretical predictions for the
atmospheric neutrino fluxes and the expected event rates at different experiments
can be obtained by estimating the primary cosmic ray flux, something that has been
done with increasing accuracy along the years [92, 93, 94].
In fact, one can take advantage of the capability of the experiments to distinguish
between electron and muon neutrinos. The main neutrino production mechanism
is charged pion decay, which has a branching ratio close to 100% into the channel
[44]
pi± → µ± + νµ(ν¯µ)
This is followed by the standard muon decay
µ± → e± + νe(ν¯e) + ν¯µ(νµ)




As in the case of the solar neutrinos, several experiments have detected the
neutrinos produced in the atmosphere. Frejus [95], IMB [96], NUSEX [97] and
Kamiokande [98, 99, 77] are examples of such experimental setups, sensitive to this
type of neutrinos. And again, as for solar neutrinos, a deficit with respect to the
theoretical expection has been observed. The measured ratio Reµ was about 0.6
times the predicted value, showing a clear deficit of muon neutrinos. This anomaly
is known as the atmospheric neutrino problem.
For many years, these two anomalies stimulated the imagination of theoreticians,
who invented several mechanisms to explain the observed deficits. Non-standard
neutrino interactions [100, 101, 102, 103], decaying neutrinos [104, 105, 106, 107,
108, 109, 110], spin flavor precession [111, 112, 113], neutrino decoherence [114, 115]
or violation of Lorentz invariance [116, 117] were theoretical ideas that appeared in
the community to address the neutrino anomalies. However, as the accuracy in the
experiments increased all these hypothesis were discarded as the main contribution
to the phenomenon, in favor of neutrino oscillations, nowadays established as the
main mechanism behind these observations.
3.1.2 The neutrino oscillation mechanism
Neutrino oscillations were first discussed by Bruno Pontecorvo in 1957 [118, 119].
However, these first references concentrate on neutrino-antineutrino oscillations.
Ten years later, Pontecorvo was again the first to discuss neutrino flavor oscillations
[120], in an important pioneering paper that opened up a rich field in particle
physics.
If neutrinos are massive their flavor changes while they propagate. As a conse-
quence, a neutrino which is originally produced as electron neutrino can be detected
as muon or tau neutrino. This oscillating effect explains the deficits found in solar
and atmospheric neutrino experiments.
Neutrinos are produced by charged current weak interactions as flavor eigen-
states να = (νe, νµ, ντ ). If they are massive, the mass eigenstates νi = (ν1, ν2, ν3)
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will be in principle different. These two basis are connected by a unitary matrix U ,
defined as
|να〉 = U∗αi|νi〉 (3.2)
U is known nowadays as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
and is the analog of the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes
the mixing in the quark sector.
The mismatch between these two basis leads to flavor oscillations in the neutrino
propagation. This is because, although the production mechanism is flavor diagonal,
the quantum mechanical evolution is mass diagonal. Given the state |νi(t0)〉 at time
t0, one can compute the resulting state at a later time t as
|νi(t)〉 = eiEi(t−t0)|νi(t0)〉 (3.3)
where E2i = p
2 +m2i . Then, by projecting both mass eigenstates into the flavor
basis one can easily compute the probability of a flavor eigenstate να oscillating into
the flavor eigenstate νβ :













where L ' t− t0 for ultrarelativistic neutrinos and ∆m2kj ≡ m2k −m2j .
Some additional assumptions have been made in this derivation. The interested
reader can find good references in the scientific literature, where these details are
discussed and neutrino oscillations are treated using more robust theoretical tools
[121, 122, 123, 124, 125, 126].
In particular, equation (3.4) is lacking matter effects. If neutrinos oscillate in
matter, the picture can change drastically, leading to very different results. In fact,
the so-called Mikheyev-Smirnov-Wolfenstein (MSW) effect [127, 100], a resonant
process that enhances the transition probability inside the Sun, is fundamental for
our understanding of the solar neutrino fluxes and without it the oscillation solution
to the solar neutrino problem would not work.
Note that equation (3.4) implies that neutrino oscillations are not sensitive to
the absolute value of neutrino masses, but only to their squared mass differences
∆m2. As will be discussed below, a different type of experiments is needed in order
to measure the absolute scale of neutrino masses.
As the precision in neutrino physics experiments increased, the oscillation solu-
tion to the solar and atmospheric neutrino problems got established. In addition
to the discussed experiments, new reactor and accelerator experiments gave strong
support for the interpretation in terms of flavor oscillation, ruling out other theo-
retical explanations [128, 129, 130].
Neutrino oscillation experiments have demonstrated that at least two neutrinos
have non-zero mass [82, 131, 132]. Especially remarkable is that data from both
atmospheric neutrino [133] and from reactor neutrino measurements [128] now show
the characteristic L/E dependence expected from oscillations, see equation (3.4),
ruling out or seriously disfavouring other explanations of the observed neutrino
deficits.
It is fair to say that with the most recent data by the KamLAND [128], Super-
Kamiokande [129] and MINOS collaborations [130] neutrino physics has finally en-
tered the precision era. In fact, global fits to the available experimental data allow
to determine the involved parameters with good accuracy. This way, one can set
important constraints on the flavor structure of many neutrino mass models.
For the case of three neutrinos the 3×3 PMNSmixing matrix can be parametrized
as [134]
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Parameter Best fit 2σ 3σ
∆m221 [10
−5eV2] 7.59+0.23−0.18 7.22–8.03 7.02–8.27









−0.009 ≤ 0.039 ≤ 0.053
Tab. 3.1: Best-fit values with 1 σ errors, and 2 σ and 3 σ intervals for the three-flavor
neutrino oscillation parameters from global data. Table taken from reference
[135], which is continuosly being updated online with the inclusion of new data.
U = ω23ω13ω12 (3.5)
where ωij are effective 2 × 2 unitary matrices characterized by an angle and a
CP phase. For example
ω12 =
 cos θ12 eiφ12 sin θ12 0−e−iφ12 sin θ12 cos θ12 0
0 0 1
 (3.6)
Expanding the product in equation (3.5) and neglecting the CP violating phases,
one obtains
U =
 c13c12 s12c13 s13−s12c23 − s23s13c12 c23c12 − s23s13s12 s23c13
s23s12 − s13c23c12 −s23c12 − s13s12c23 c23c13
 (3.7)
where cij ≡ cos θij and sij ≡ sin θij . In addition to these three mixing angles,
neutrino oscillations are sensitive to two squared mass differences, ∆m221, responsi-
ble for solar neutrino oscillations, and ∆m231, responsible for atmospheric neutrino
oscillations.
After parametrizing the PMNS matrix one can compare the resulting mixing
angles and squared mass differences with the available experimental data. Table
3.1 shows the best-fit values, and the corresponding 1 σ errors, and 2 σ and 3 σ
intervals, for the three-flavor neutrino oscillation parameters from global data [135].
Three comments are in order:
• There is a clear hierarchy between the mass scales responsible for solar and
atmospheric oscillations.
• The atmospheric angle, θ23 is compatible with maximal mixing, whereas the
solar angle, θ12 is large as well.
• The so-called reactor angle, θ13, is very small and compatible with zero. In
fact, it was only very recently that a slight preference for θ13 6= 0 was found
[136, 135, 137].
This data is to be explained by any neutrino mass model1.
1 The discussion has been focused on an interpretation of the data based on 3 flavor neutrino
oscillations. However, some recent experimental results might point towards a more complicated
picture. The LSND experiment [138] reported a signal for a third mass difference in antineutrino
oscillations. This would imply the existence of, at least, a fourth sterile neutrino, which does not
have weak interactions but mixes with the active neutrinos. More recently, MiniBooNE [139, 140,
141] also found an anomaly, not compatible with 3 flavor neutrino oscillations, adding supporting
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3.1.3 The absolute scale of neutrino masses
In the last section we saw that neutrino oscillations are not sensitive to the absolute
value of neutrino masses, but only to the squared mass differences. Therefore,
although we know that it cannot be zero, we cannot get mν from the experiments
discussed above.
There are three main experimental/observational sources of information on the
absolute scale of neutrino masses.
• Tritium beta decay experiments
As Fermi pointed out in 1934, the shape of the electron spectrum near the
endpoint is very sensitive to the scale of neutrino masses [5]. Several experiments
have applied this idea using tritium (3H) as decaying nucleus. This is because the
decay
3H → 3He+ e− + ν¯
is specially favorable, since it is a super-allowed nuclear transition with a low
Q-value. Examples of such experimental setups are the Mainz [142] and Troitsk





and have reported the result [145, 146]
mβ < 2.2 eV(95%c.l.) (3.9)
In the near future, the KATRIN experiment [147] will start its operation, with
an expected sensitivity of 0.2 eV after five years of data taking. See references
[148, 149, 150] for reviews on beta decay experiments designed to measure neutrino
masses.
• Neutrinoless double beta decay experiments
Another type of experiment searching for the absolute scale of neutrino masses is
neutrinoless double beta decay (0ν2β). These are lepton number violating processes
of the type
N(A,Z)→ N(A,Z ± 2) + e∓ + e∓
without emission of neutrinos. This signal, only possible if neutrinos are Majo-





The current experimental situation is controversial. A possible indication of
0ν2β in 76Ge decays was obtained by the authors of reference [153], who reported
the following limits for the half-life of the process
T 0ν1/2(
76Ge) = (0.69− 4.18)× 1025y (3σ) (3.11)
evidence in favor of the sterile neutrino hypothesis. Nevertheless, more experimental input from
other collaborations is required in order to confirm these results and thus they will not be taken
into account in this thesis.
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However, this result has not been confirmed by other experiments. The most
stringent bound on the half-life for 76Ge comes from the Heidelberg-Moscow exper-
iment [154]
T 0ν1/2(
76Ge) > 1.9× 1025y (90%c.l.) (3.12)
whereas the IGEX experiment [155] obtained a similar lower bound
T 0ν1/2(
76Ge) > 1.57× 1025y (90%c.l.) (3.13)
Hopefully the issue will be clarified in the near future, since the experiments
GERDA [156], CUORE [157] and EXO [158] have expected sensitivities that allow
to check the positive signal claimed in [153].
The extraction of mββ from an eventual positive signal would have a large the-
oretical error due to the uncertanties in the computation of the nuclear matrix
elements [159, 160]. Nevertheless, the detection of neutrinoless double beta decay
would represent the discovery of a new type of particle, a Majorana particle, and
therefore it would be of great relevance even if the extracted effective neutrino mass
cannot be measured with high accuracy.
Applying the bound from the Heidelberg-Moscow collaboration, see equation
(3.12), and taking into account the uncertanties in the nuclear matrix elements
[160], one obtains [150]
mββ . 0.3− 0.6 eV (3.14)
which is slightly better than the bound obtained with tritium beta decay exper-
iments.
• Cosmology
Cosmology sets important constraints on the absolute scale of neutrino masses.
In fact, the most stringent bounds can be obtained from cosmological observables.
In this case the quantity that is constrained is the sum of neutrino masses which,
depending on the cosmological data set that is used, is bounded as [161]
3∑
i=1
mi . 0.3− 1.0 eV (3.15)
The way neutrino masses are constrained by cosmology is easy to understand.
If neutrinos have masses of the order of the eV they would constitute a hot dark
matter component of the universe. As it is well known, see for example [162], this
type of dark matter suppresses the formation of structures at small scales of the
order of 1 − 10 Mpc. Therefore, by studying density fluctuations in the CMB and
the Large Scale Structure distribution of galaxies, one can put strong bounds on
the sum of neutrino masses as in equation (3.15).
For more details on the subject see the review [161].
In the following sections several neutrino mass models will be discussed. Very
detailed reviews on this subject exist in the literature, see for example [163, 164,
165, 166, 167].
3.2 Dirac neutrinos
The simplest way to introduce neutrino masses in the Standard Model is to follow
the same approach as for the rest of the fermions. The addition of three families of
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right-handed neutrinos, singlets under the SM gauge group, and the corresponding
Yukawa couplings
−LY = YνHLνR + h.c. (3.16)
leads to neutrino Dirac masses mD = Yν〈H〉 after electroweak symmetry break-
ing. Here Yν is a 3 × 3 matrix. Since 〈H〉 ∼ 100 GeV and the absolute scale for
neutrino masses is known to be below 1 eV, the entries in Yν must be below 10
−11.
Note that the right-handed neutrinos, being gauge singlets, only couple to the
rest of particles through the Yν coupling. They do not have gauge interactions and
there is no way to write down another gauge invariant operator involving the νR
field.
Therefore, if Yν < 10
−11 as demanded by current data, the right-handed neu-
trinos couple very weakly to the rest of matter, suppressing their production cross
section at colliders. Moreover, with such small couplings their contributions to
other processes are negligible. In conclusion, the introduction of Dirac masses in
the standard model does not lead to any phenomenological consequence, due to the
smallness of the neutrino Yukawa couplings.
Supersymmetry offers additional ingredients. This is due to the fact that the
right-handed neutrino comes together with its scalar partner, the right-handed sneu-
trino ν˜R. In general, the soft term TνHL˜ν˜R induces ν˜L−ν˜R mixing after electroweak
symmetry breaking. However, if this trilinear coupling is small, for example due to
the assumption Tν = AνYν , the right-handed sneutrino will be a pure state with
very weak couplings. With these properties, it is a potential dark matter candidate
[168, 169].
Concerning collider phenomenology, this scenario has a novelty with respect to
the non-supersymmetric case. If the right-handed sneutrino is the LSP and R-parity
is conserved, all decay chains at colliders will end up producing a pair of them, even
though it couples very weakly to the rest of particles. However, the smallness of
the Yukawa couplings implies that the NLSP, whatever character it has, will have
a long decay length, possibly measurable at LHC [170]. In conclusion, the MSSM
with Dirac neutrinos has some testable signatures, as opposed to the non-SUSY
case.
The previous discussion assumes that neutrino masses have the same origin
as the other fermion masses. This, however, would imply a naturalness problem.
Figure 3.1 shows the masses of the known fundamental particles [44]. For the
neutrino, the conservative upper bound mν = 1 eV is used and only one generation
is represented. Note the huge difference between the upper bound for the neutrino
mass and the masses of the other particles. This can be hardly understood if they
share a common source. In fact, this picture suggests that neutrino masses come
from a different origin, with an underlying mechanism that can explain why they lie
much below the electroweak scale. This will be the subject of the following sections.
3.3 Majorana neutrinos
In the previous section we discussed Dirac neutrinos. They can be easily introduced
in the Standard Model, although they lead to very small couplings, with the sub-
sequent difficulties to explore their phenomenology. A different alternative will be
discussed in the following: Majorana neutrinos.
3.3.1 Theory of Majorana neutrinos
The question whether neutrinos are their own antiparticle has no answer yet. For
charged particles there would be no doubt, since charge, electric or other type, can



























Fig. 3.1: Masses of the known fundamental particles. For the neutrino, the conservative
upper bound mν = 1 eV is used and only one generation is represented. Leptons
are drawn in blue, quarks in red and massive gauge bosons in green. The massless
gauge bosons, photon and gluon, are not included in the plot.
be used to distinguish between the particle and the antiparticle. For example, the
trajectory of electrons and positrons in a magnetic field is different. However, for
neutrinos, this distintion cannot be applied and the question remains.
From the theoretical point of view, this has to do with the type of spinor used
to describe the neutrino. In the previous section we used Dirac spinors, with four
independent complex components. A mass term is built as
−LmassD = mDν¯LνR + h.c. = mDν¯ν (3.17)
with
νL = PL ν νR = PR ν (3.18)
where PL,R =
1
2 (1∓ γ5) are the chirality projectors. In the Weyl basis2 for the















where χ and φ are 2-component Weyl spinors and σ2 is a Pauli matrix, intro-













2 The Weyl basis is also known as chiral basis in some textbooks.
3. Neutrino mass models 29
Now one can apply charge conjugation to ν. Its charge conjugate state is







The Weyl spinors χ and φ get exchanged after applying charge conjugation. As
a consequence of that ν 6= νc and we conclude that Dirac fermions are not their
own antiparticles.
However, the simplest fermionic representation of the Lorentz group is not a
Dirac fermion. This has been known for many years since Majorana proposed a
new type of neutrinos [171], now called Majorana neutrinos. Equation (3.20) shows
that a Dirac fermion is given in terms of four independent complex quantities.
However, as will be shown below, one can build Lorentz invariant theories with
spinors that only have two independent components.
Let ρ be a 2-component Weyl spinor with the following lagrangian density [134]
LM = −iρ†σµ∂µρ− m
2
ρTσ2ρ+ h.c. (3.23)
Here σi, with i = 1, 2, 3, are the Pauli matrices, suplemented with σ0 = I. One
can show that both terms in the lagrangian (3.23) are invariants under Lorentz
transformations. Given a general Lorentz transformation
x→ Λx (3.24)
the spinor field ρ transforms as
ρ(x)→ S(Λ)ρ(Λ−1x) (3.25)
where S is a 2× 2 matrix that obeys the relation
S†σµS = Λµνσν (3.26)
Using equations (3.24), (3.25) and (3.26) and the unimodular property detS = 1
it is easy to show that both, the kinetic and mass terms, are Lorentz invariant quan-
tities, and thus a spinor field ρ with the lagrangian (3.23) is a consistent physical
description for a fermionic field. Note, however, that the mass term is not invariant
under the U(1) transformation
ρ→ eiδρ (3.27)
In conclusion, Majorana fermions cannot have conserved U(1) charges. This is
of great relevance for Majorana neutrinos, whose mass terms break lepton number
by two units.
The connection between Dirac and Majorana fermions becomes clear if we ex-
pand a Dirac fermion into its 2-component pieces. Consider the lagrangian for the
Dirac fermion Ψ
LD = iΨ¯γµ∂µΨ−mΨ¯Ψ (3.28)








where χ and φ are two 2-component spinors, similar to equation (3.20). Ex-
panding the lagrangian (3.28) one obtains









ρTασ2ρα + h.c. (3.30)








(ρ2 − iρ1) (3.32)
Therefore, one Dirac fermion is equivalent to two Majorana fermions of equal
mass but opposite CP. This clearly shows that the Majorana fermion is a more
fundamental representation of the Lorentz group.
Let us consider now charge conjugation acting on a Majorana fermion. We will
show that a Majorana fermion is self-conjugate and therefore its own antiparticle.
In order to do that, we can reverse our last computation and build a 4-component
spinor from the 2-component fermion ρ in equation (3.23). Using equations (3.31)
and (3.32) with ρ2 = 0 one finds that the lagrangian (3.23) can be written as











Applying now the operation of charge conjugation, as we did to obtain equation
(3.22), it is easy to check that ΨM = Ψ
c
M and thus it describes both the particle
and the antiparticle.
Finally, let us emphasize that the nature of neutrinos is not only a theoretical
question, but it also has phenomenological implications. For example, if neutrinoless
double beta decay is ever observed, neutrinos will be known to be of Majorana type,
since a theory with pure Dirac neutrinos cannot lead to that process [151, 152].
3.3.2 Weinberg operator
It has been noted long ago by Weinberg [172] that one can add to the Standard


















Finally, Λ is the energy scale at which this operator is generated. Note that,
unless one couples Li and Lj to form an antisymmetric combination, the Weinberg






Note that the Weinberg operator breaks lepton number by two units, as required
to obtain a Majorana mass for the neutrinos. In fact, after electroweak symmetry





Fig. 3.2: Weinberg dimension five operator responsible for neutrino masses.
breaking 〈φ0〉 = v√
2
and Majorana neutrino masses are generated. Note the depen-
dence mν ∝ v2Λ , which is quadratic in v, as opposed to the rest of fermions that get
masses linear in v.
It can be shown that this dimension five operator is unique in the sense that one
must go beyond dimension five to find other lepton number violating effective op-
erators. This observation by Weinberg points out that lepton number conservation
looks rather accidental, since non-renormalizable operators like the one in equation
(3.35) violate it.
In fact, the Weinberg operator is the effective description of most high-energy
models. The details of the mechanism that generates this dimension five operator
might be very different and, as we will show below, several realizations are possible.
In the rest of this chapter we will follow reference [173], pointing out the main
distinctions between the different realizations and describing the type of models
that generate them.
3.3.3 Tree-level models
Tree-level realizations of the Weinberg operator are well known and the literature
is full with examples. In fact, most of the models and mechanisms to generate
neutrino masses are based on them and they have been deeply studied over the
years.
There are only three ways to build up the Weinberg operator at tree-level. These
are
• Li and H combine to form a fermion singlet
• Li and Lj combine to form a scalar triplet
• Li and H combine to form a fermion triplet
The proof is based on gauge invariance [173]. There are four SU(2)L doublets
involved in the Weinberg operator and they must combine in pairs in such a way
that the total operator is a gauge invariant. Therefore, two possibilities arise: H−H
and Li−Lj or H −Li and H −Lj . Moreover, in SU(2) one has 2⊗ 2 = 1⊕ 3, this
is, two doublets can combine either to a singlet or to a triplet. Then, one obtains
four combinations in total. However, note that the one with Li − Lj combining
to a singlet does not lead to the Weinberg operator. This is due to the fact that
it is antisymmetric in the indices i, j and then one cannot obtain the piece νiνj .
Therefore, we are left with three possible realizations.






Fig. 3.3: First tree-level realization of the Weinberg operator.
In fact, although the low-energy effective operator is the same, the different re-
alizations imply very different models in the high-energy regime. In the following
we are going to discuss these three tree-level realizations, highlighting their main
differences and presenting some high-energy models that generate them at low en-
ergies.
Tree-level: Realization 1
Figure 3.3 is the most common realization of the Weinberg operator and it has
dominated the literature over the years. Here H −Li and H −Lj combine to form
gauge singlets and thus the intermediary particle is a singlet as well. Being MN its




















where we have identified mD = y〈φ0〉 as the ν−N Dirac mass that is generated
after electroweak symmetry breaking. Equation (3.40) shows that a large massMN
for the singlets implies a small mass mν for the neutrinos. This suppression by a
high scale is a natural consequence in many models and thus this realization has
become a very popular way to generate small neutrino masses.
The most popular high-energy model that leads to this realization is the famous
Type-I Seesaw [174, 175, 176, 177]. In this setup one adds three families of right-
handed neutrinos to the Standard Model particle spectrum3. If one allows for lepton
number violation, in addition to the neutrino Yukawa coupling in equation (3.16)
one can write down a mass for the right-handed neutrinos. With this additional
piece the part of the lagrangian that involves the right-handed neutrino becomes
3 In principle, two families are sufficient to generate neutrino masses in the observed range, but
in most of the cases three are assumed.
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−LνR = Yνφ0ν¯RνL +
1
2
νTRMRνR + h.c. (3.41)
Here MR is a 3 × 3 symmetric matrix. Note that the Majorana mass MR is
allowed by the gauge symmetry because the right-handed neutrinos are singlets
under the SM gauge group:
Field SU(3)c SU(2)L U(1)Y
νR 1 1 0
This piece was missing in our previous discussion on Dirac neutrinos, see section
3.2, and it completely changes the picture. In fact, the Majorana nature of the
right-handed neutrinos is transferred to the left-handed ones through the Dirac
νL − νR mixing. After electroweak symmetry breaking the lagrangian (3.41) leads
to
−Lmassν = mDν¯LνR +
1
2















The Majorana mass MR of the right-handed neutrinos is a free parameter of
the model. Since its origin is not tied to electroweak symmetry breaking, MR
can take any value. In section 3.2 we chose MR = 0, which leads to pure Dirac
neutrinos. However, theoretical considerations prefer heavy right-handed neutrinos.
For example, MR can be generated at a very high scale by the breaking of a larger
gauge group, under which the right-handed neutrinos are not singlets. Moreover,
as we will see below, the assumption of heavy right-handed neutrinos helps to
understand the smallness of the light neutrino masses.
If we assumeMR  mD, the matrix in equation (3.44) can be block-diagonalized








mlight = −mTD ·M−1R ·mD (3.46)
Mheavy = MR (3.47)
Here we recover the generic result in equation (3.40). The mass of the light
neutrinos is given by mν ∼ m2D/MR. This, usually called the seesaw formula,
provides a natural explanation for the observed lightness of neutrinos [174, 175,
176, 177]. Let us consider the value mν ∼ 1 eV. If, for example, we takeMR = 1013
GeV, the Dirac mass turns out to be mD = Yν〈φ0〉 ∼ 100 GeV. This implies Yukawa
couplings of order 1, Yν ∼ 1, what can be compared to the results in our discussion
on Dirac neutrinos, where we showed that the same mass for the light neutrinos
implies Yν ∼ 10−11 in that case.






Fig. 3.4: Second tree-level realization of the Weinberg operator.
Moreover, under the same assumption, MR  mD, the mass eigenstates can be
approximated as χlight ' νL and χheavy ' νR. This explains why neutrinos have
always been observed to be left-handed in all performed experiments.
This popular framework, widely studied and extended in several directions, is
one of the most common ways to generate neutrino masses and it can be used with
or without supersymmetry. As we will see below, there are other types of Seesaw
mechanism. They all share the common feature of the suppression of neutrino
masses by the existence of a high energy scale. If this scale is very high, like in
the numerical example given above, direct tests of the model become impossible.
The energies reached at colliders do not allow to produce such heavy particles,
and thus only indirect tests are at best available. As discussed in chapter 8, the
supersymmetric version of the seesaw mechanism, in each of its variations, offers
some experimental chances due to the existence of the superparticles. In particular,
the sleptons carry some information on the high energy regime, which allows to test
some scenarios. The non-SUSY case, however, does not provide this possibility, and
thus the model cannot be put to experimental test.
Tree-level: Realization 2
Figure 3.4 shows a different tree-level realization of the Weinberg operator. In
this case, Li − Lj and H − H combine to form a SU(2)L triplet. Therefore, the
intermediary scalar ∆0 must belong to a SU(2)L triplet, called ∆ in the following,
in order to obtain a gauge invariant Feynman diagram.
Following the same approach as in the discussion for the first tree-level realiza-








where f is the LL∆ coupling, µ is the HH∆ coupling andM∆ is the mass of the
∆ triplet. Note that triplets are allowed to have invariant masses, since the SU(2)
product 3⊗ 3 includes the singlet representation. As in the previous case, when φ0





This realization can be obtained in the so-called Type-II Seesaw mechanism
[134, 178, 179, 180, 181]. In this framework one adds a scalar Higgs triplet to the
SM particle spectrum:
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Field SU(3)c SU(2)L U(1)Y
∆ 1 3 2














Once the representation for ∆ is chosen, the corresponding SU(2)L generators
have to be chosen accordingly. This way one ensures the gauge invariance of the
lagrangian. In particular, the piece that involves the ∆ triplet can be written as
L∆ = (Dµ∆)†(Dµ∆) + LY − V (H,∆) (3.52)
Here LY is the Yukawa coupling
LY = −fL∆L+ h.c. (3.53)
and V (H,∆) is the scalar potential, which includes two important terms
V (H,∆) ⊃M2∆∆†∆+ µH∆H + h.c. (3.54)
In the last two equations gauge and flavor indices have been omited for the
sake of simplicity. Note that the simultaneous presence of the operators fL∆L and
µH∆H necessarily break lepton number by two units. As discussed in section 3.3.1,
this is a requirement for Majorana neutrinos, whose mass term also has ∆L = 2.
By studying the scalar potential one finds that its minimum its shifted from the
trivial configuration 〈H〉 = 〈∆〉 = 0. In fact, the tadpole equations link both VEVs,





Here 〈∆〉 = v∆/
√
2 and 〈H〉 = v/√2, as usual. Note that the larger the triplet
mass is, the smaller its VEV becomes. This unexpected feature of the model has
an important implication for neutrino masses and it is sometimes called Seesaw
VEV relation. Substituting (3.55) into (3.53) one obtains a Majorana mass for the
left-handed neutrinos that is just the same result as in equation (3.49).
Again, the heaviness of a field, the ∆ triplet in this case, is used to explain the
lightness of the left-handed neutrinos observed at low energies. This is the seesaw
mechanism at work.
It is also worth to mention that the addition of a SU(2)L triplet modifies some
fundamental relations in the SM and, in fact, its properties are highly restricted by
SM precision measurements [182, 183, 184]. Moreover, it also contributes to lepton
number violating processes, what can be translated into strong bounds for its mass
and couplings [185]. Therefore, the heaviness of the ∆ triplet is also well motivated
from the phenomenological point of view, since it helps avoiding the constraints.
As in the case of the type-I seesaw, this idea can be also employed in a super-
symmetric context. Although it has attracted less attention than the type-I version
of the seesaw mechanism, the type-II seesaw is also a very nice way to generate
neutrino masses. In fact, it naturally appears in some high energy constructions,






Fig. 3.5: Third tree-level realization of the Weinberg operator. Note that this diagram is
equivalent to the one in figure 3.3. However, here Σ belongs to a SU(2)L triplet.
like in left-right symmetric models [180, 186, 187, 188, 189] and in GUTs based on
SU(5) [173, 190] or SO(10) [191, 192, 193, 194], sometimes in combination with
type-I.
Tree-level: Realization 3
Finally, figure 3.5 shows the third tree-level realization of the Weinberg operator.
Here, H−Li andH−Lj combine to form a fermion triplet and thus the intermediary
particle must be a fermion triplet as well. Since this diagram is equivalent to the
one for the first tree-level realization, equations analogous to (3.38) and (3.40) are
valid in this case.
This case has been less studied than the other two, although the basic idea is just
the same. Let us consider a fermionic SU(2)L triplet Σ with hypercharge Y = 0:
Field SU(3)c SU(2)L U(1)Y
Σ 1 3 0
If we add three Σ families to the SM matter content one can write down two
additional lagrangian terms
−LΣ = YΣHLΣ+ 1
2
ΣMΣΣ+ h.c. (3.56)
where YΣ and MΣ are 3 × 3 matrices. Note the similarity between the last
expression and equation (3.41). The formal structure of this model resembles the
structure of a type-I seesaw. Although the gauge indices in these two terms contract
differently, due to the introduction of triplets instead of singlets, neutrino masses






Therefore, if the fermion triplet Σ is very heavy, as in the type-I case, the light
neutrino masses are naturally obtained in the correct range. This is the so-called
Type-III Seesaw mechanism [195].
Let us emphasize that, although the common practice is to consider a high seesaw
scale in order to fit neutrino masses with order 1 couplings, there is no reason to limit
ourselves to that possibility. In principle, and due to the fact that other Yukawa
couplings are known to be much smaller than 1 (for example, the electron Yukawa,
with Ye ∼ 10−6), one could also consider much lower seesaw scales. In that case the
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φ0 φ0
g, g′ g, g′
νi νjφ˜
0 φ˜0B˜0, W˜ 0
 
Fig. 3.6: Tree-level generation of neutrino masses in Bilinear R-parity Violation. The
mechanism is a combination of type-I and type-III seesaw.
seesaw formula mν ∼ y
2v2
M would also require to lower the size of the y coupling.
For example, if neutrino masses are generated at the electroweak scale, M ∼ 100
GeV and the corresponding Yukawa coupling must be around y ∼ 10−7 − 10−6.
This scenario sometimes appears in the literature under the name of electroweak
scale seesaw. An example is Bilinear R-parity Violation [196], briefly discussed in
this thesis, see section 4.2. In this supersymmetric model, R-parity is explicitly
broken by the superpotential term
W ⊃ L̂Ĥu (3.58)
This lepton number violating term leads to mixing between neutrinos and higgs-
inos, which in turn mix with the electroweak gauginos after symmetry breaking.
Figure 3.6 shows the realization of the Weinberg operator in this model. Note that
the intermediary particles are the bino B˜0, a singlet under SU(2)L, and the neutral
wino W˜ 0, which belongs to a triplet of SU(2)L. Therefore, neutrino masses are
generated as a combination of type-I and type-III seesaw. One can estimate their
magnitude as




where we have used Mgauginos ∼ Mhiggsinos ≡ mSUSY . Equation (3.59) shows
that by choosing  v,mSUSY one obtains small neutrino masses.
Furthermore, there are extended models that generate the dimensionful  cou-
pling after electroweak symmetry breaking, see for example references [197, 198].
The superpotential term Y ŜL̂Ĥu, where Ŝ is a new singlet superfield, leads to
Y vSL̂Ĥu = eff L̂Ĥu, where vS is the VEV of the scalar component of the S sin-
glet. For vS ∼ 100 GeV a value Y ∼ 10−7−10−6 is required, as in most electroweak
scale seesaw models.
Let us close this section by mentioning that other tree-level models can be found
in the literature with the name of seesaw mechanism. The Inverse Seesaw [199] and
the Linear Seesaw [200, 201, 202] are good examples. Nevertheless, they can be
understood as extended versions of the three realizations discussed here. Finally,
a detailed discussion of the low energy effects of the three versions of the seesaw
mechanism was given in reference [203].
3.3.4 Radiative models
The Weinberg operator also admits radiative realizations. In fact, models that
generate neutrino masses radiatively are very well motivated due to the loop sup-
pression, which allows to lower the scale at which neutrino mass generation takes
place. Therefore, the new particles needed to complete the loops can have masses






Fig. 3.7: First 1-loop realization of the Weinberg operator.
at the electroweak scale. This would imply a very rich phenomenology at the LHC.
See [204, 205] for general reviews on radiative models.
If we concentrate on 1-loop topologies leading to neutrino masses, three types
of Feynman diagrams can be drawn. Let us briefly discuss them.
1-loop: Realization 1
The first 1-loop realization of the Weinberg operator is presented in figure 3.7.
When the two φ0 Higgs fields get a VEV this diagram leads to Majorana neutrino
masses for the neutrinos. By imposing gauge invariance in every interaction vertex
one can obtain the gauge charges of the involved particles. For example, either ω or
ωc must be a SU(2)L doublet, since they both couple to φ
0. If we choose ω(q3, 2, q1)
under SU(3)c × SU(2)L ×U(1)Y , one easily obtains that the rest of particles must
be ωc(q∗3 , q2,−q1 + 1/2), χ(q∗3 , q′2,−q1 + 1/2) and η(q3, 2, q1), where q2 and q′2 are
constrained to be either 1 or 3.
There are well known models that lead to this particular 1-loop realization. The
most famous one is the Zee model [206]. In this case one has q1 = q2 = q
′
2 = q3 = 1
and ω(1, 2,−1/2) ≡ L, ωc(1, 1, 1) ≡ ec and η(1, 2,−1/2) ≡ H are identified with the
standard left-handed lepton doublet, right-handed lepton singlet and Higgs doublet.
The additional χ(1, 1, 1) is a new charged scalar, usually called h+. Note that the
coupling HiHjh
+ requires at least two Higgs doublets, since the HiHj contraction
to form a SU(2)L singlet is antisymmetric in the SU(2)L indices. Therefore, the
Zee model contains, beside the SM particles, a new charged scalar and a second
Higgs doublet. In fact, it shows how a small modification of the scalar sector has
dramatic consequences concerning lepton number conservation, which is accidental
in the minimalistic Standard Model.
Let us mention that the Minimal Zee Model [207] is nowadays ruled out by
experimental data [208, 209, 210]. In this version only one of the Higgs doublets
couples to the leptons. This automatically implies a very particular structure for
the generated neutrino mass matrix. Just by inspection of the diagram in figure






















Fig. 3.8: Second 1-loop realization of the Weinberg operator. Note that for this diagram
to be possible ω − ωc must have an invariant mass term.
where fab is the antisymmetric matrix that appears in the lepton number vio-
lating coupling LaLbh




c)b, vα = 〈φ0α〉 and Mαβ is the mass that appears in the
scalar potential term HαHβh
+. In order to avoid confusion, the Higgs mass is de-
noted here as mH . The last factor in equation (3.60) comes from the loop integral,
that can be easily approximated in the limit mh+  mH . It can be shown that if
only one of the Higgs doublets couples to the leptons, equation (3.60) reduces to
mννab ∝ fab(m2b −m2a) (3.61)
where ma and mb are charged leptons masses. With this structure one obtains
the following texture
mνν ∼
 0 a ca 0 b
c b 0
 (3.62)
which has been shown not to reproduce the observed pattern of neutrino masses
and mixing angles [211]. If one allows both Higgs doublets to couple to the leptons,
as in the General Zee Model [212], the previous relation is broken and one can evade
this problem. In fact, this generalized version of the model leads to a very rich
phenomenology at colliders, where the charged scalar h+ has very clear signatures
[213].
Another good example of this 1-loop contribution to neutrino masses is ob-
tained in /Rp SUSY [214]. Again, one can choose q1 = q2 = q
′
2 = q3 = 1 and identify
ω(1, 2,−1/2) ≡ L and ωc(1, 1, 1) ≡ ec as the standard left- and right-handed lepton
fields. In this case, however, the additional η and χ scalar fields are the corres-
ponding sleptons, η(1, 2,−1/2) ≡ L˜ and χ(1, 1, 1) ≡ e˜c. Then, the lepton number
violating interactions in the external vertices come from the /Rp superpotential tri-
linear term λL̂L̂êc, see equation (2.45). Furthermore, if one chooses q2 = q
′
2 = 1,
q1 = 1/6 and q3 = 3 the fields η and χ are identified with left- and right-handed
squarks, and thus the involved /Rp term is λ
′L̂Q̂d̂c.
1-loop: Realization 2
The second realization, shown in figure 3.8 has attracted less attention among model
builders [215], although it got some renewed interest in the last years. Note that
the fermions ω and ωc must combine to form an invariant mass term. If they are
chosen to be a right-handed neutrino ω = ωc = N then the η and χ scalar fields





Fig. 3.9: Third 1-loop realization of the Weinberg operator. Note that for this diagram to
be possible σ − σc must have an invariant mass term.
are forced to be SU(2)L doublets, η(1, 2, 1/2) and χ(1, 2, 1/2), and they could be
identified with the same extra scalar doublet. This setup has been used recently
in the so-called scotogenic neutrino mass models [216, 217]. By adding a new Z2
symmetry, under which only the right-handed neutrinos N and the second scalar
doublet η are charged, one forbids the Yukawa couplings with the first scalar doublet.
Moreover, the conservation of Z2 implies that 〈η0〉 = 0, and thus no Dirac masses
for the neutrinos are generated. Therefore, the loop in figure 3.8 is the dominant
contribution to neutrino masses. In addition, the conservation of the Z2 symmetry
has an additional consequence: it provides a dark matter candidate, the lightest
Z2-odd particle [218, 219]. The model may also provide visible signatures at the
LHC [220].
1-loop: Realization 3
Finally, the third 1-loop realization is shown in figure 3.9. This has been used for
quark and charged lepton masses [204], but no examples for neutrino masses are
found in the literature.
Note that there are no other 1-loop realizations of the Weinberg operator. In
the first realization one Higgs boson line is attached to the scalar part of the loop
while the other is attached to the fermionic part, in the second realization both
lines are attached to the scalar part, whereas in the third relization they are both
attached to the fermionic part. Therefore, this covers all the possibilities.
Other possibilities exist if one goes beyond the 1-loop level. For example, if
there is only one right-handed neutrino, only one light neutrino picks up a mass
at tree-level. Then, the masses of the other active neutrinos are obtained at the
2-loop level via the exchange of W bosons [221, 222, 223]. In this scenario the GIM
supression [224] naturally leads to very small neutrino masses.
The most famous 2-loop model is the Zee-Babu model [179, 225, 226]. In this
case one adds to the standard model two charged scalars h+ and k++, with charges
h(1, 1, 1) and k(1, 1, 2) under SU(3)c × SU(2)L ×U(1)Y . These two particles allow
us to write down new Yukawa couplings:
LnewY = fabLaLbh+ + habecaecbk++ + h.c. (3.63)
Here fab is an antisymmetric matrix, whereas hab is symmetric. Note that the
first term was already present in the Zee model but the second one is only possible
due to the introduction of the k++ field. With this particle content and the Yukawa







Fig. 3.10: Neutrino mass generation in the Zee-Babu model.
couplings in equation (3.63) neutrino masses are generated at the 2-loop level, as
shown in figure 3.10.
The cubic term µ(k++)∗h+h+, contained in the scalar potential, is of great
relevance. Without this dimensionful coupling it would be possible to find a lepton
number assignment that recovers lepton number conservation and thus Majorana
neutrino masses would vanish. In fact, note that the diagram in figure 3.10 would
not be possible without a (k++)∗h+h+ interaction term.
As in 1-loop radiative models, the loop suppression, higher in this case, lowers
the scale at which neutrino masses are generated. This implies a very rich phe-
nomenology at current and future experiments [227, 228]. For example, the rates
for lepton flavor violating processes, like µ → eγ and µ → 3e, could be in reach
of the present experimental searches. Moreover, if the additional charged scalars
are light enough to be produced at the LHC one could search for their decays in
channels like h+ → l+i ν, which are correlated with neutrino physics [227, 228].
In conclusion, radiative models provide an interesting alternative way to generate
neutrino masses. The suppression coming from the loop factors allows to lower the
scale of new physics, what implies a very rich phenomenology at present and future
experiments.
3.4 Summary
This chapter is a review on neutrino mass models. Although the topic has been so
heavily investigated that by no means this can give a complete picture on the field,
it is useful, at least, to set a common language to be used throughout the thesis.
After a short presentation of the current experimental status, several neutrino
mass models have been discussed. Although the possibility of Dirac masses has
been briefly mentioned, the discussion has focused on Majorana masses. This case
is much more natural and nicely fits wider theoretical frameworks. In particular,
the seesaw mechanism, in its different variations, provides a natural explanation
for the smallness of neutrino masses and can be easily accommodated in extended
versions of the SM or the MSSM.
Nevertheless, many important topics related to neutrino masses have been ig-
nored in this chapter since they are not directly connected to the work done in this
thesis.
For example, the observed pattern of neutrino masses and mixing angles has
stimulated an intense investigation on flavor symmetries and the literature is full
of models that attempt to explain the so-called tribimaximal mixing [211]. The
references [229, 230] are detailed reviews on the subject.
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Another good example is leptogenesis, a subject closely linked to the seesaw
mechanism and neutrino masses. This idea, proposed many years ago [231] to
explain the observed baryon asymmetry of the universe, is nowadays an active field
of research, see references [232, 233, 234, 235] for general reviews.
In the following chapters two types of supersymmetric neutrino mass models
will be discussed: models with R-parity violation and a left-right symmetric model
that conserves R-parity.
4. INTRODUCTION TO R-PARITY VIOLATION
Neutrino masses can be easily accommodated in SUSY with R-parity violation.
This interesting framework leads to a very rich phenomenology at current and future
experiments, being one of the few examples in which the origin of neutrino masses
can be directly tested. This chapter provides an illustrative introduction to R-parity
violation, emphasizing the most important ideas that will be further explored along
the thesis.
4.1 General concepts on R-parity violation
As explained in chapter 2, R-parity plays a central role in supersymmetric model
building. It forbids the dangerous dimension-4 operators leading to fast proton
decay due to lepton and baryon number violation and predicts the existence of a
stable particle with the right properties to be a good dark matter candidate.
However, the breaking of R-parity by L violating operators generates non-zero
neutrino masses as demanded by the experiments, and thus is a well motivated
scenario beyond the standard SUSY models1.
In fact, several arguments can be raised against R-parity:
• R-parity is imposed by hand.
Unlike the Standard Model, where L and B conservation is automatic, the MSSM
requires to introduce an additional ad-hoc symmetry to forbid dangerous operators
that contribute to L and B violating processes. However, there is no theoretical
explanation for such symmetry2.
• In fact, R-parity does not solve fast proton decay.
It is a well known fact that R-parity does not forbid some dimension-5 operators




has Rp(O5) = +1 and thus conserves R-parity. However, the bounds on the life
time of the proton require f < 10−7 even for M =MPlanck [240]. Operators like O5
are typically generated in GUTs, due to the fact that quarks and leptons belong
to the same multiplet. Therefore, R-parity does not completely solve fast proton
decay when one considers SUSY GUTs.
• There is no reason to forbid all the L and B violating operators.
1 Neutrino mass generation in /Rp was briefly described in chapter 2, section 2.3 and will be
further explained in the next chapters. See section 4.2.2 for the simplest case.
2 It is possible to embed the MSSM in a wider picture with a larger symmetry group that leads
to R-parity conservation at low-energies. The reference [236] explores this idea and studies what
type of theories leave R-parity as a remnant after symmetry breaking. Examples of such theories
are models with a Left-Right gauge group, as will be discussed in chapter 8.
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Proton decay requires both L and B violation. Therefore, for the proton to be
stable it is sufficient to impose the conservation of just one of these two symmetries,
without any phenomenological reason to impose the conservation of both. This gives
rise to a wide variety of possible discrete symmetries, apart from the usual R-parity,
that protect the proton while allowing for L or B violation.
One of such symmetries is baryon triality (ZB3 ) [237, 241], defined as
ZB3 = exp [2pii(B − 2Y )/3] (4.2)
which exactly conserves baryon number but allows for lepton number violation.
Models based on this type of symmetries break R-parity but do not suffer from fast
proton decay.
Apart from these arguments against the introduction of R-parity one should not
forget the rich phenomenology that it predicts at current and future experiments.
This extension of the MSSM includes additional couplings that lead to distinctive
signatures at the SUSY scale. This makes SUSY with /Rp a testable framework,
possible to rule out at the LHC.
In fact, the /Rp couplings are highly constrained by experiments due to the non-
observation of L and B violating processes. Searches for neutrinoless double beta
decay [242, 243, 244, 245, 246], nucleon-antinucleon oscillations [247, 248] and proton
decay [52, 53, 54, 55, 56, 57] have led to strong constraints on the size of the
/Rp couplings.
Furthermore, if present, the /Rp couplings would also contribute to L and B
conserving processes. Some examples are rare leptonic decays of mesons, like K0 →
l+i l
−
j [249], BB¯ mixing [250, 251] and µ → eγ [252]. The agreement between the
data and the SM predictions implies that the /Rp couplings must be below the
experimental accuracy, which can be used to derive robust indirect bounds on the
individual couplings or on combinations of them.
Let us consider an example. The operator L̂1L̂3ê
c
k contributes to the τ lepton
decay, τ → eνν¯, violating lepton number twice, as shown in figure 4.1(b). In the
first vertex one has ∆L = +1 while in the second ∆L = −1, and then the global
process conserves lepton number. Since the mediator of the decay, the right-handed
slepton (e˜R)k, is much heavier than the rest of involved particles one can describe






where m˜k ≡ m(e˜R)k. This decay can be represented in the SM by the Feynman
diagram in figure 4.1(a), which has the Fermi lagrangian as effective theory, with
the same structure as in (4.3). Therefore, the /Rpcontribution generates an apparent
shift in the Fermi constant GF . By measuring the ratio
Rτ ≡ Γ(τ → eνν¯)
Γ(τ → µνν¯) (4.4)
one obtains the following deviation from the SM









Then, the combination of the experimental value Rτ = 1.028± 0.004, published
in the final report by the ALEPH collaboration [253], and the theoretical computa-


























Fig. 4.1: τ lepton decay: Standard Model and /Rp contributions.
Let us mention that this bound assumes that this is the only /Rp operator con-
tributing to the process. In a more general case one obtains more complicated
contraints that involve combinations of different operators.
It is possible to derive similar bounds on other coupligs following the same
approach and using constrains from other physical processes. See the review [60]
for a collection of bounds on trilinear /Rp couplings. In addition, the reference [68]
gives an update including recent experimental data.
Finally, in /Rp the standard neutralino is lost as a dark matter candidate. Recent
WMAP data [254], however, have confirmed the existence of non-baryonic dark
matter and measured its contribution to the energy budget of the universe with
unprecedented accuracy. Thus, in /Rp one needs a non-standard explanation of DM.
Examples for DM candidates in /Rp include (i) light gravitinos [61, 62, 63], (ii) the
axion [64, 65] or (iii) its superpartner, the axino [66, 67], to mention a few.
In the following section the simplest /Rp model that generates neutrino masses
is discussed. For general reviews see [60, 255].
4.2 Minimal realization: b-/Rp
Bilinear R-parity Violation (b-/Rp ) [196] is the minimal extension of the MSSM
that incorporates lepton number violation. It is therefore interesting to begin the
discussion with this simple case that already contains many of the features present
in extended models. For a pedagogical review on b-/Rp see the reference [256].
4.2.1 The model
The b-/Rp superpotential is





The three new i = (e, µ, τ ) parameters have dimensions of mass and break
lepton number. As will be shown below, they are constrained by neutrino masses
to be much smaller than the EW scale (i  mW ). Note however that they are
SUSY conserving parameters and thus one would naively expect them to be at the
GUT or Planck scales. This problem is analogous to the µ-problem of the MSSM
and can be addressed using the same approach. In fact, any solution to the µ-
problem potentially solves the i-problem [257]. This will be discussed in detail in
the sections devoted to s-/Rp and the µνSSM model.
The introduction of the new superpotential terms implies new soft terms as well
V
b-/Rp
soft = −Bii ab L˜aiHbu (4.8)
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where the Bi parameters have dimensions of mass.
With these new couplings with respect to the MSSM the scalar potential of the
theory is modified. At tree-level one obtains the following linear terms

































vu − vuD + viBii + vu2
t01 =v1D + 1









t02 =v2D + 2









t03 =v3D + 3










Here a repeated index i implies summation over i = 1, 2, 3. Moreover, the usual
















[ν˜Ri + vi + iν˜
I
i ]
and thus left-handed sneutrino VEVs vi = (ve, vµ, vτ ) have been introduced.










d − v2u) (4.12)





The minimum of the potential is computed by solving the system of equations
obtained when all the tadpoles t0 vanish. Note that the superpotential term L̂Ĥu
generates a tadpole for the sneutrino once H0u gets a VEV. Therefore, the non-
vanishing left-handed sneutrino VEV is a generic feature of -type models, this is,














The MSSM limit of the model is obtained when i → 0. Note that in this limit






3) and thus the sneutrinos
do not get VEVs, fully recovering the MSSM. Furthermore, the smallness of the
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i parameters implies that the sneutrino VEVs vi must be small as well. This is
of fundamental importance due to the doublet nature of the sneutrinos, which has
an impact on the electroweak sector of the model. For example, after the gauge


















and the smallness of the sneutrino VEVs guarantees that the well-known SM
result is obtained in good approximation.
4.2.2 Neutrino masses
The main motivation for /Rp is the generation of neutrino masses [258, 259, 260]. In
the basis (ψ0)T = (−iB˜0,−iW˜ 03 , H˜0d , H˜0u, νe, νµ, ντ ) the neutral fermion mass matrix












− 12g′vd 12gvd 0 −µ
1
2g
′vu − 12gvu −µ 0
 (4.19)
is the usual neutralino mass matrix of the MSSM and
m =

− 12g′ve 12gve 0 e
− 12g′vµ 12gvµ 0 µ
− 12g′vτ 12gvτ 0 τ
 (4.20)
is the matrix that characterizes the breaking of R-parity, mixing the neutrinos
with the neutralinos. Note that its elements are suppressed with respect to the
elements in Mχ0 due to the smallness of the i parameters. In fact, it is useful to
define the expansion parameters
ξ = m ·M−1χ0 (4.21)




ξi2 = − gM1µ
2Det(Mχ0)Λi










The resulting MN matrix has a type-I seesaw structure and thus the effective
mass matrix of the light neutrinos can be obtained with the usual formula
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mννeff = −m ·M−1χ0mT (4.23)












Λi = µvi + vdi (4.25)
It is important to emphasize once again that in the limit i → 0 all the entries
in mννeff vanish and one recovers the MSSM with massless neutrinos.
By diagonalizing equation (4.24) one obtains
UTν m
νν










The special form of mννeff shown in equation (4.24) implies that it is a rank 1
matrix which only has one non-zero eigenvalue. With this degeneracy between the
two massless eigenstates one can rotate away one of the angles in the matrix Uν
Uν =
 1 0 00 cos θ23 − sin θ23
0 sin θ23 cos θ23
×
 cos θ13 0 − sin θ130 1 0
sin θ13 0 cos θ13
 (4.28)
and compute the other two angles as follows







tan θ23 = −Λµ
Λτ
(4.30)
Of course, this is not enough to explain the oscillation data, which at least
requires the generation of two mass scales, ∆m2atm and ∆m
2
sol. However, (4.24)
is just the tree-level neutrino mass matrix. Its non-vanishing eigenvalue mν3 is
interpreted as the atmospheric mass scale, whereas for the generation of the solar
mass scale, which is much smaller (∆m2sol  ∆m2atm), one must go beyond the
tree-level approximation.





ij + . . . (4.31)
where M
(0)
ij is the tree-level mass matrix, M
(1)
ij is the 1-loop correction and the
dots stand for higher order corrections. In the lines above only the tree-level neu-
trino mass matrix has been computed, leading to the generation of the atmospheric
mass scale. The addition of loop corrections changes the structure of the resulting
mass matrix and generates the solar mass scale.

























































































Fig. 4.2: Bottom–Sbottom diagrams for solar neutrino mass in the b-/Rpmodel. The follow-
ing conventions have been adopted: a) Open circles correspond to small R-parity
violating projections, indicating how much of a weak eigenstate is present in a
given mass eigenstate, (b) full circles correspond to R-parity conserving projec-
tions and (c) open circles with a cross inside indicate genuine mass insertions
which flip chirality. In these figures hb ≡ Yb is the bottom quark Yukawa cou-
pling. For more details see [259].
In particular, it turns out that in mSUGRA like models the most important
1-loop contribution to the neutrino mass matrix comes from the bottom-sbottom














In this expression θb˜ is the mixing angle in the sbottom sector, ∆B
b˜2 b˜1
0 is the
difference between two Passarino-Veltman functions [262]






and the parameters ˜ are defined as ˜i = (U
T
ν )
ijj with the following resulting































Complete numerical calculations show that this single contribution reproduces
the exact result in good approximation in most parts of parameter space. Other
relevant 1-loop corrections are the tau-stau and neutrino-sneutrino contributions,
see references [259, 263] for detailed studies.
Once mν1 and mν2 are generated and the degeneracy between the two mass
eigenstates is broken, a new mixing angle appears. This mixing angle is identified





In conclusion, the b-/Rp model provides a simple framework to accommodate
current data on neutrino masses and mixing angles. The breaking of R-parity mixes
neutrinos and neutralinos, giving rise to a EW scale type-I seesaw. Moreover, the
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hierarchy ∆m2sol  ∆m2atm is nicely explained in b-/Rp , since the atmospheric
scale is obtained at tree-level where as the solar scale has its origin in radiative
corrections.
4.2.3 Phenomenology
The phenomenology of b-/Rp has been extensively discussed in the literature, see for
example [264, 265, 266, 267, 268, 269, 270, 271], and is beyond the scope of this
thesis. Nevertheless, two important points will be briefly mentioned here due to
their relevance also in extended -type models, discussed in the following chapters.
The breaking of R-parity has an immediate consequence at colliders: the LSP
in no longer stable and decays. In fact, this is the main change with respect to the
standard MSSM phenomenology, because the /Rp couplings are constrained to be
small, and thus they do not affect either the production cross sections or the initial
steps of the decay chains.
The most important lesson that one can learn from b-/Rp is that the LSP decay
is governed by neutrino physics. The connection is clear. The same  parameters
that break R-parity and lead to LSP decay are the ones which generate neutrino
masses and mixing angles. In fact, the simplicity of the model, that only has 6
/Rp parameters (3 i and the corresponding soft parameters), tightens this link and
allows to give definite predictions at colliders3.
The first prediction has to do with the decay length of the LSP [264]. This
depends on the nature of the LSP (neutralino, stau, . . . ), its mass and its couplings.
Therefore, it is hard to give a definite prediction. However, some general statements
are still possible due to its link with neutrino masses.
On the one hand the amplitude of the LSP decay grows for increasing values of
the /Rp couplings whereas, on the other hand, the size of the /Rp couplings determines
the absolute scale of neutrino masses. Therefore, one can derive a relation between
the amplitude of LSP decay, Γ, and the absolute scale of neutrino masses, mν . In
fact, by assuming a neutralino LSP and taking the value mSUSY ∼ 100 GeV one
can estimate
Γ ' 10−4 ·mν (4.38)
and then, by using the known formula




one can estimate the decay length L as well. For mν =
√
∆m2atm a distance of
the order of cm is obtained. This would be a clear signature at colliders such as the
LHC [270, 271]. Moreover, note that the decay length of the LSP has a lower bound
coming from the upper bound on the absolute scale of neutrino masses. Therefore,
the prediction of a long decay length is general and holds in most parts of the
parameter space.
The second definite prediction that b-/Rpmakes is the sharp correlation between
some ratios of branching ratios of LSP decays and the neutrino mixing angles [264,
265, 266, 267]. This tight link allows to use neutrino oscillation data to test the
model at colliders. The reason comes again from the fact that the couplings that
lead to LSP decay are the same as the ones that give the structure of the neutrino
mass matrix.
Let us consider the L violating decay channels χ˜01 →W± l∓i . If the mass of the
LSP is above the W boson mass these channels are open and in fact they typically
3 For comparison, we mention that the lepton sector of a type-I seesaw contains 21 physical
parameters, see for example [272].
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become dominant in most parts of the parameter space. Note that the breaking of
R-parity mixes the charged leptons with the MSSM charginos, in the same way as
the neutrinos get mixed with the neutralinos. Therefore, the vertex that is involved






















where χ0i represents the neutralino i, χ
±
j represents the chargino j and PL and
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where N is the rotation matrix that diagonalizes the 7× 7 neutral fermion mass
matrix (4 MSSM neutralinos +3 neutrinos), U and V diagonalize the 5× 5 charged
fermion mass matrix (2 MSSM charginos +3 charged leptons) and SCi and S
N
i are








For the decay of a neutralino LSP one must focus on the couplings OcnwLi1 and
OcnwRi1 . It is easy to find approximated formulas for the rotation matrices N , U and
V taking advantage of the small mixing between the MSSM and lepton sectors [261].














































Here Det0 and Det+ are the determinants of the MSSM neutralino and chargino
mass matrices, whereas N is the matrix that diagonalizes the MSSM neutralino
mass matrix.
Now it is easy to understand why there are correlations between these decays
and the neutrino mixing angles measured at oscillation experiments. For a pure
bino LSP (N11 = 1, N1i = 0 for i 6= 1) the couplings in equations (4.46) and (4.47)
become







OcnwRi1 ' 0 (4.49)








= tan2 θ23 (4.50)
where equation (4.30) has been used. As shown in equation (4.50), b-/Rpmakes a
sharp prediction for the ratio between Br(χ˜01 →Wµ) and Br(χ˜01 →Wτ), predicted
to be given by tan2 θ23 ' 1, as measured in atmospheric neutrino experiments. A
departure from this value would clearly rule out the model.
Only the case of a neutralino LSP has been discussed here. However other
possibilities with interesting phenomenological consequences have been considered
in the literature as well, see references [273, 274].
The two phenomenological issues briefly discussed here, the long LSP decay
length and the correlations with the neutrino mixing angles, are common to all -
type /Rpmodels. The b-/Rp case, being the simplest one, will be used in the following
as the basic reference to compare with.
4.2.4 Motivation for extended models
It has already been shown how b-/Rp is able to accommodate the observed pattern
of neutrino masses and mixing angles and the resulting predictions for collider
experiments. Such a predictive model would be easily ruled out at the LHC if it
does not provide the explanation for neutrino masses. Therefore, it is an interesting
alternative to the usual high scale seesaw mechanism.
However, there are some theoretical issues without explanation in b-/Rp . One
of these open questions is why some of the /Rp couplings in the superpotential are
zero while others, i in particular, are not. This problem has been addressed in the
literature by different means. For example, one can break R-parity spontaneously
when a scalar field, charged under R-parity, acquires a VEV [275, 197]. If this is
done properly, only some of the /Rp couplings are generated at tree-level. One can
also suppose that some couplings are zero at the GUT scale and use the RGEs to
show that their running down to the SUSY scale is negligible [276]. Finally, there
are also approaches that rely on high-energy constructions [277].
The second open question in b-/Rp is the size of the  couplings. Since these
are SUSY conserving couplings with dimension of mass one would expect that they
are generated at some high scale, like the GUT or Planck scales, and thus it is
hard to understand why they are so small compared to the electroweak scale. This
problem, that is analogous to the µ-problem in the MSSM, can be easily solved if
the  couplings are generated by physics at the SUSY scale. In fact, one can use a
solution similar to the one provided in the NMSSM for the µ-problem [278, 279].
The idea is to add an additional gauge singlet superfield, that will be called Ŝ in
this section, whose scalar component acquires a VEV generating an effective  term
λiSLiHu → λi〈S〉LiHu = iLiHu (4.51)
If this VEV is generated at the electroweak scale one can easily explain the
smallness of the i parameters by using a small coupling λi ∼ 10−7 − 10−6. This
idea can be applied to models that break R-parity spontaneously [197] or explicitly
[198]. In fact, there are also examples in which the field that gets a VEV is not
4. Introduction to R-parity violation 53
a gauge singlet [275, 280, 281], although they are nowadays ruled out due to the
strong experimental constraints in the electroweak sector.
In the following chapters these ideas to address the problems of the minimal
b-/Rp will be discussed in detail for two extended models: s-/Rp and µνSSM.
5. SPONTANEOUS R-PARITY VIOLATION
Spontaneous R-parity violation (s-/Rp ) is a well motivated alternative to the simple
explicit violation in b-/Rp . In this type of extended models the original theory
conserves R-parity and it is only after symmetry breaking that the /Rp terms are
generated. This way one can explain (a) why some /Rp couplings are not generated
at tree-level and (b) why the bilinear coupling is much smaller than the electroweak
scale.
5.1 Introduction
One of the most important consequences of the spontaneous breaking of R-parity is
the presence of a Goldstone boson, the majoron (J) [282, 283]. It is a well known fact
that the breaking of a global continuous symmetry, U(1)B−L in this case, implies
the existence of a massless particle [15]. This additional state in the spectrum
introduces many changes in the phenomenology and might lead to a completely
different experimental picture.
In fact, the nature of the majoron, which is determined by the way R-parity
is broken, is extremely relevant for the subsequent phenomenology. Depending on
this point, one can classify the s-/Rp models into two types:
• Models that break R-parity with a gauge non-singlet
This was the original type of s-/Rp models. In [275] the breaking of R-parity
in the MSSM by a left-handed sneutrino VEV vL was studied. The resulting phe-
nomenology was discussed in several works [280, 281] but a after a few years it was
realized that having a doublet majoron, which inherits the nature of the particle
that caused its appearance, leads to conflict with LEP bounds and astrophysical
data [65, 44].
A doublet majoron would contribute to highly constrained processes. The first
example is the cooling of red giant stars. The rate of energy loss by the dangerous
process γe→ Je would be clearly enhanced above the known limits [284, 285] due to
the weak couplings of the majorons to matter. Once produced, the majorons would
escape from the star contributing to its cooling. The astrophysical bounds can be
translated into a limit on the left-handed sneutrino VEV, what will require a strong
fine-tuning of the parameters of the theory. Similarly, strong bounds can be also
obtained from majoron-emitting decays of light neutrinos in supernovae [286]. The
second example is the contribution to the Z boson invisible decay width. It turns
out that the majoron, which is a pseudoscalar, is accompanied by a light scalar ρ
with a mass of the order vL  mW , opening a new decay mode for the Z boson,
Z → Jρ. Since both products of the decay are very weakly interacting particles
that escape detection, this decay mode would increase the Z boson invisible decay
width beyond the limits set by the LEP experiment [287, 288].
For these reasons this type of models is nowadays ruled out.
• Models that break R-parity with a gauge singlet
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By using a gauge singlet one avoids the main problems present in the previous
models. Reference [197] showed how to break R-parity in a phenomenologically
acceptable way by extending the spectrum to include gauge singlets whose scalar
components acquire VEVs at the electroweak scale. This way the majoron has a
singlet nature, which reduces its coupling to the Z boson and the rate of red giant
star cooling.
This is the type of models that will be discussed in this chapter.
Although the presence of a massless majoron is allowed by the experimental
contraints, it dramatically changes the phenomenology both at collider and low-
energy experiments [289, 290].
On the one hand, whether R-parity is conserved or not can, in principle, be
easily decided at colliders in the case of explicit R-parity violation since (a) neutrino
physics implies that the lightest supersymmetric particle (LSP) will decay inside a
typical detector of existing and future high energy experiments [267, 274] and (b)
the branching fraction for (completely) invisible LSP decays is at most O(10%) and
typically smaller[267, 291]. Spontaneous violation of R-parity (s-/Rp ) [275, 197],
on the other hand, implies the existence of a Goldstone boson, the majoron. In
s-/Rp the lightest neutralino can then decay according to χ˜
0
1 → J +ν, i.e. completely
invisible. It has been shown [291] that this decay mode can in fact be the dominant
one, with branching ratios close to 100 %, despite the smallness of neutrino masses,
in case the scale of R-parity breaking is relatively low. In this limit, the accelerator
phenomenology of models with spontaneous violation of R-parity can resemble the
MSSM with conserved R-parity and large statistics might be necessary before it can
be established that R-parity indeed is broken.
In addition, measurements of the LSP branching ratios can lead to tests of the
model as the origin of the neutrino mass, in case sufficient statistics for the final
states with charged leptons can be obtained. This result is completely analogous
to what is found in b-/Rp , see section 4.2.3. However, the additional possibility of a
singlino-like LSP, studied in [289] for the first time, allows interesting cross-checks
with respect to neutrino physics different from the usual bino LSP.
On the other hand, the phenomenology at low-energy experiments is also ex-
pected to change. The search for majorons in charged lepton decays with majoron
emission has attracted little attention. Indeed, the limits on li → ljJ quoted by
the Particle Data Group [44] are all based on experimental data which is now more
than 20 years old. Probably this apparent lack of interest from the experimental
side is due to the fact that both, the triplet [283] and the doublet majoron [275], are
ruled out by LEP data, while the (classical) singlet majoron model [282] predicts
majoron-neutrino and majoron-charged-lepton couplings which are unmeasurably
small. Nevertheless, in the model studied in this thesis the majoron can play an
important role phenomenologically. In [292] li → ljJ was calculated for a tau neu-
trino mass of mντ ' MeV. Below we show that (a) despite the fact that current
neutrino mass bounds are of the order of eV or less, theoretically µ → eJ can be
(nearly) arbitrarily large in s-/Rp , and (b) µ→ eJ is large in the same part of SUSY
parameter space where the invisible neutralino decay is large, making the discovery
of R-parity violation at the LHC difficult. Br(µ → eJ) thus gives complementary
information to accelerator experiments.
Moreover, the MEG experiment [293] has started taking data. MEG is optimised
to search for Br(µ → eγ) with a sensitivity of Br(µ → eγ) ∼ (few) 10−14. While
the impressive statistics of the experiment should allow, in principle, to improve
the existing bound on Br(µ→ eJ) [44] by a considerable margin, the experimental
triggers and cuts make it necessary to resort to a search for the radiative majoron
emission mode, Br(µ → eJγ), if one wants to limit (or measure) the majoron-
charged-lepton coupling. Therefore the Br(µ → eJγ) is also to be considered.
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5.2 The model
Spontaneous breaking of a global symmetry leads to a Goldstone boson, in case
of lepton number breaking usually called the majoron. Spontaneous breaking of
R-parity through left sneutrinos [275], produces a doublet majoron, which is ruled
out by LEP and astrophysical data [65, 44]. To construct a phenomenologically
consistent version of s-/Rp it is therefore necessary to extend the particle content
of the MSSM by at least one singlet field, ν̂c, which carries lepton number. For
reasons to be explained in more detail below, the model under consideration [197]
contains three additional singlet superfields, namely, ν̂c, Ŝ and Φ̂, with lepton num-
ber assignments of L = −1, 1, 0 respectively.
The superpotential can be written as [197]
W = Y iju Q̂iûcjĤu + Y ijd Q̂id̂jĤd + Y ije L̂iêcjĤd
+ Y iν L̂iν̂
cĤu − h0ĤdĤuΦ̂ + hΦ̂ν̂cŜ + λ
3!
Φ̂3. (5.1)
The basic guiding principle in the construction of equation (5.1) is that lepton
number is conserved at the level of the superpotential. The first three terms are the
usual MSSM Yukawa terms. The terms coupling the lepton doublets to ν̂c fix lepton
number. The coupling of the field Φ̂ with the Higgs doublets generates an effective
µ-term a` la Next to Minimal Supersymmetric Standard Model [278]. The last two
terms, involving only singlet fields, give mass to ν̂c, Ŝ and Φ̂, once Φ develops a
vacuum expectation value.
For simplicity we consider only one generation of ν̂c and Ŝ. Adding more genera-
tions of ν̂c or Ŝ does not add any qualitatively new features to the model. Note also,
that the superpotential, equation (5.1), does not contain any terms with dimension
of mass, thus potentially offering a solution to the µ-problem of supersymmetry.
The symmetries of the model, as defined in [197], allow also to add bilinear terms
with dimension of mass to eq. (5.1). However, we omit such terms here for the sake
of keeping the number of free parameters of the model at the minimum. One could
justify the absence of such bilinears - in the same way as is usually done in the
NMSSM - by introducing a discrete Z3 symmetry. This is known to lead to cosmo-
logical problems due to the generation of domain walls during the electroweak phase
transition when the Z3 symmetry gets broken [294, 295, 296]. Nevertheless, several
solutions to this problem have been proposed, like late inflation after the formation
of the domain walls, the introduction of a small explicit breaking or embedding the
discrete symmetry into a gauge one. We note, however, that our numerical results
on the charged lepton decays are not affected by the presence or absence of these
terms.
Finally, the inclusion of Ŝ allows to generate a “Dirac”-like mass term for ν̂c, once
Φ̂ gets a VEV. The soft supersymmetry breaking potential along neutral directions















where zα denotes any neutral scalar field in the theory. In this expression the
notation for the soft trilinear couplings introduced in [41, 42] is used.
At low energy, i.e. after electroweak symmetry breaking, various fields acquire
VEVs. Besides the usual MSSM Higgs boson VEVs vd and vu, these are 〈Φ〉 =
vΦ/
√
2, 〈ν˜c〉 = vR/
√
2, 〈S˜〉 = vS/
√
2 and 〈ν˜i〉 = vi/
√
2. Note, that vR 6= 0 generates
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2 and that vR, vS and vi violate lepton number
as well as R-parity. Although other solutions to the tadpole equations exist, we will
focus on minima that break the electroweak symmetry and R-parity simultaneously.
In that sense, EWSB and R-parity violation are related and cannot be viewed
independently.
5.3 Neutral fermion mass matrix
In the basis
(−iB˜0,−iW˜ 03 , H˜0d , H˜0u, νe, νµ, ντ , νc, S, Φ˜) (5.3)




Mχ0 mχ0ν mχ0νc 0 mχ0Φ
mTχ0ν 0 mD 0 0
mTχ0νc m
T
D 0 MνcS MνcΦ
0 0 MνcS 0 MSΦ
mTχ0Φ 0 MνcΦ MSΦ MΦ

. (5.4)
Eq. (5.4) can be diagonalized in the standard way,
M̂N = N ∗MNN−1. (5.5)
We have chosen the basis in eq. (5.3), such that N reduces to the MSSM neutralino
rotation matrix in the limit where (a) R-parity is conserved and (b) the field Φ is
decoupled. The various sub-blocks in eq. (5.4) are defined as follows. The matrix
Mχ0 is the standard MSSM neutralino mass matrix:
Mχ0 =





− 12g′vd + 12gvd 0 −µ
+ 12g
′vu − 12gvu −µ 0
 . (5.6)
Here, µ = h0vΦ/
√
2. mχ0ν is the R-parity violating neutrino-neutralino mixing
part, which also appears in explicit bilinear R-parity breaking models:
mTχ0ν =

− 12g′ve 12gve 0 e
− 12g′vµ 12gvµ 0 µ
− 12g′vτ 12gvτ 0 τ
 , (5.7)
where vi are the VEVs of the left-sneutrinos.
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The matrix, eq. (5.4), produces ten eigenvalues with vastly different masses. First,
since Det(MN ) = 0, one state is massless at tree-level. Then there are two more
very light states, together they form to a good approximation the three observed,
light doublet neutrinos. Their masses and mixing will be discussed in detail in the
next subsection.
The remaining seven eigenstates are typically heavy. They can be sub-divided
into two groups: Mainly doublet and mainly singlet states. There are usually four
states which are very similar to the well-known MSSM neutralinos. Unless h0 is
large and λvΦ small, mixing between the phino and the higgsinos is small
1, and
there are three singlets. From these singlets, unless (h−λ) ≤ vR/vΦ, νc and S form
a quasi-Dirac pair, which we will loosely call “the singlino”, S1,2 ' 1√2 (νc ∓ S).
Note, that this is a different state compared to the NMSSM singlino [299] which
corresponds to Φ˜ in our notation.
Which of the seven, heavy states is the lightest depends on a number of unknown
parameters and can not be predicted. In our analysis below we will concentrate on
two cases: (a) As in mSugra motivated scenarios,M1 is the smallest mass parameter
and the lightest state mainly a bino. We study this case in order to work out the
differences to (i) the well-studied phenomenology of the MSSM; and (ii) to the
explicit R-parity violating case studied in [267]. The second case we consider is (b)
the singlino S being the lightest state. This case is interesting, since it is the only
part of the parameter space, where singlets indeed can be produced and studied at
accelerators.
5.4 Neutrino masses
The smallness of the /Rp terms imply that equation (5.4) has the same structure as
the analogous equation (4.18) for the bilinear R-parity breaking model. Therefore,
one can follow the same approach and find the effective neutrino mass matrix in
a seesaw–type approximation [297, 298]. First we define the useful dimensionless
expansion parameters ξij , which characterize the mixing between the neutrino sector
and the seven heavy neutral fermion states, the “neutralinos” of the model,
ξ = m3×7 ·M−1H . (5.12)
The sub-matrix describing the seven heavy states of eq. (5.4) is
MH =

Mχ0 0 0 mχ0Φ
0 0 MνcS MνcΦ






1 As in the NMSSM, if the field Φ is light and the coupling h0 large, one has five neutralino
states.




mTχ0ν mD 0 0
)
. (5.14)
We have neglected mχ0νc in eq. (5.13) since it is doubly suppressed. The “effective”
(3, 3) neutrino mass matrix is then given in seesaw approximation by
mννeff = −m3×7 ·M−1H ·mT3×7. (5.15)
In the following we will use the symbol Nij with i, j = 1, ...7 as the matrix which
diagonalizes eq. (5.13). Our N reduces to the MSSM neutralino mixing matrix
N , in the limit where the singlets decouple, i.e. h0 → 0 or MΦ → ∞. It is not
to be confused with N , the matrix that diagonalizes MN , the complete 10 × 10















Λi = ivd + µvi. (5.18)
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and v2 = v2u+v
2
d. The “photino” mass parameter is defined as mγ = g
2M1+g
′2M2.
Note that the KiΛ and K
i
 reduce to the expressions of the explicit bilinear R-
parity breaking model [258], in the limit MΦ → ∞ and in the limit h, h0 → 0,
i.e. b = c = 0.
The effective neutrino mass matrix at tree-level can then be cast into a very
simple form
−(mννeff )ij = aΛiΛj + b(iΛj + jΛi) + cij . (5.22)
Equation (5.22) resembles very closely the corresponding expression for the explicit
bilinear R-parity breaking model, once the tree-level and the dominant 1-loop con-
tributions are taken into account [266, 258, 259]. Eq. (5.22) reduces to the tree-level




in the limit MΦ →∞ and in the limit h, h0 → 0. Different from the explicit model,
however, the spontaneous model has in general two non-zero neutrino masses at
tree-level. With the lightest neutrino mass zero at tree-level, the s-/Rp model could
generate degenerate neutrinos only in regions of parameter space where the two tree-
level neutrino masses of eq. (5.22) are highly fine-tuned against the loop corrections.
We will disregard this possibility in the following.
Neutrino physics constrains the parameters Λi and i. The mass matrix in
equation (5.22) must reproduce the current data on neutrino masses and mixing
angles. In particular, one must correctly fit the solar and atmospheric mass scales.
However, in the spontaneous model there is no a priori reason which of the terms
gives the dominant contribution to the neutrino mass matrix, thus two possibilities
to fit the neutrino data exist:
• case (c1) ~Λ generates the atmospheric mass scale, ~ the solar mass scale
• case (c2) ~ generates the atmospheric mass scale, ~Λ the solar mass scale
The absolute scale of neutrino mass requires both |~Λ|/µ and |~|/µ to be small, the
exact numbers depending on many unknown parameters. For typical SUSY masses
order O(100 GeV), |~Λ|/µ2 ∼ 10−6– 10−5. If some of the singlet fields are light,
i.e. have masses in the range of O(0.1 − few) TeV, also |i/µ| can be as small as
|~|/µ ∼ 10−6–10−5. On the other extreme, independent of the singlet spectrum,
|~|/µ can not be larger than, say, |~|/µ ∼ 10−3, due to contributions from sbottom
and stau loops to the neutrino mass matrix [266, 258, 259].
The observed mixing angles in the neutrino sector then require certain ratios for
the parameters Λi/Λj and i/j . This can be most easily understood as follows. As






















is a good first-order approximation to the observed neutrino angles. In case of
hierarchical neutrinosMdiagν = (0,m,M), where m (M) stands for the solar (atmo-









 m m mm m m
m m m
 . (5.25)
2 In the definition of the coefficient a given in [297] there is a relative sign to the corresponding
definition for the explicit case [258].
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In case the coefficient b in equation (5.20) is exactly zero, i.e. for tanβ = 1, the
model would produce a tri-bimaximal mixing pattern for Λe = 0,Λµ = −Λτ and
e = µ = τ , in case (i). For case (ii) the conditions on Λi should be exchanged
with the conditions for the i and vice versa.
In reality, since tanβ 6= 1 in general, neither is b exactly zero, nor need the
neutrino mixing angles be exactly those of eq. (5.24). One then finds certain













Here, ˜ = UTν ·~ with (Uν)T being the matrix which diagonalizes the (3, 3) effective
neutrino mass matrix. In case (i) (Uν)






























 · ~ (5.27)
Note that UTΛ is the matrix which diagonalizes only the part of the effective neutrino
mass matrix proportional to ΛiΛj . Again, for the case (ii) replace Λi ↔ i in all
expressions.
5.5 Scalar sector
The scalar sector of s-/Rp has many unconventional properties, leading to a collider
phenomenology different from what is expected in the MSSM. It is very important to
study in detail the possible deviations from the standard phenomenology, in order
to be ready for new signatures. In fact, the well established Higgs boson search
strategies for the LHC might need to be changed if s-/Rp is realized in nature and
we live in a region of parameter space far from the MSSM. For detailed works on
the scalar sector in s-/Rp see references [297, 298], where most of the material in this
section is taken from.
From a phenomenological point of view the most important difference between
the scalar sectors of spontaneous and explicit R-parity violating models is the ap-
pearance of the majoron. As will be shown below, this models naturally leads to a
singlet majoron, evading the strong experimental constraints.
We can follow the general procedure described in reference [300] and evaluate
the second derivatives of the scalar potential [297] at the minimum. In s-/Rp this
results in 8 × 8 mass matrices for the real and imaginary parts of the neutral
scalars. The pseudo-scalar sector of the model we consider has eight different
eigenstates. Two of them are Goldstone bosons. The standard one is eaten by






1I , ν˜2I , ν˜3I ,ΦI , S˜I , ν˜cI) these fields are given as,
G0 = (N0 vd,−N0 vu, N0 ve, N0 vµ, N0 vτ , 0, 0, 0) (5.28)
J = N4(−N1vd, N1vu, N2ve, N2vµ, N2vτ , 0, N3vS ,−N3vR)
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and can easily be checked to be orthogonal, i. e. they satisfy G0 · J = 0 [297].
It is useful to have an approximation for the majoron profile. In the limit



















S and terms of order
v2L






i , have been ne-
glected.
From equation (5.30) one can see that, apart from the negligible components in
the left-handed sneutrino directions, the majoron is mainly given as a combination
of the CP-odd components of the S˜ and ν˜c fields. In conclusion, the s-/Rp majoron
is a mixture of gauge singlet states, as needed to evade LEP and astrophysical
bounds3.
In addition to the massless majoron, there are considerable parts of the pa-
rameter space where one also finds a rather light singlet scalar, called the “scalar
partner” of the majoron in [298], SJ . Different from the majoron, however, there is
no simple analytical approximation for RSJ . This state will be very important when
we discuss invisible LSP decays, since it decays to a pair of majorons, SJ → JJ ,
with a branching ratio very close to 100%.
Finally, although it is not our purpose to review the phenomenology of the scalar
sector in detail, that was worked out in references [297, 298], we must comment on
an important result concerning Higgs boson decays into majorons. This is one of
the best examples that clearly show how the phenomenology in the scalar sector
might be totally modified.




of the Higgs invisible decay to the Standard Model decay into b-jets. This quantity
measures the departure from the SM branching ratio. The smaller RJb is the closer
we are to the standard phenomenology.
In order to compute this quantity one has to look separately at the decay widths,























3 For comparison purposes, let us mention that the majoron profile in the model of reference














, this is, a doublet majoron.
5. Spontaneous R-parity violation 63






























Fig. 5.1: Ratio RJb, defined in equation (5.31), as a function of η
2. a) To the left, for differ-
ent values of the parameter h, from top to bottom: h = 1, 0.9, 0.7, 0.5, 0.3, 0.1.
b) To the right, for different values of the parameter vR = vS: −vR =
150, 200, 300, 400, 600, 800, 1000 GeV. This is the main result of [297].
where g2hJJ is the h
0 − J − J coupling and RS11 is the h0 component in the H0d
direction.
In general, these two decay widths depend on many unknown parameters and
one cannot give a definite prediction for their values. In addition, if one wants
to enhance the branching ratio for h → JJ by enlarging its singlet component,
the Higgs boson production cross section becomes very suppressed. However, it
is possible to find large regions in parameters space where (a) there is a large h0
doublet component, called here η, and (b) the decay into majorons is dominant.
This important result is shown in figure 5.1, taken from reference [297], which
shows explicitly that RJb > 1 is possible even for η ' 1. This implies that the
lightest Higgs boson can decay mainly invisibly into a pair of majorons and, at
the same time, have a production cross section essentially equal to the standard
(MSSM) doublet Higgs boson production cross section.
5.6 Phenomenology at colliders
In this section we discuss the phenomenology of a neutralino LSP in s-/Rp at fu-
ture colliders [289] 4. We do not attempt to do an exhaustive study of the (quite
large) parameter space of the model. Instead we will focus on the most important
qualitative differences between s-/Rp , the previously studied case of explicit bilinear
/Rp [264, 265, 267, 270, 271] and the MSSM. All numerical results shown below have
been obtained using the program package SPheno [301], extended to include the
new singlet superfields ν̂c, Ŝ and Φ̂.
Unless mentioned otherwise, we have always chosen the /Rp parameters in such
a way that solar and atmospheric neutrino data [135] are fitted in the correct way.
The numerical procedure to fit neutrino masses is the following. Compared to the
MSSM we have a number of new parameters. For the superpotential of eq. (5.1)
these are h0, h and λ, as well as the neutrino Yukawas Y
i
ν . In addition, there are
in principle also the soft SUSY breaking terms, which generate non-zero VEVs,
vR, vS , vΦ and vi for ν˜
c, S˜, Φ and ν˜i, respectively. We trade the unknown soft
parameters for the VEVs. For any random choice of MSSM parameters, we can
reproduce the “correct” MSSM value of µ for a random value of vΦ, by appropriate
choice of h0. For any random set of h, λ, vS and vR, we can then calculate those
4 In order to make the notation simpler, this section will use the simplifications χ0i ≡ χ˜
0
i , B˜ ≡ B˜
0
and W˜ ≡ W˜ 0.
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values of Y iν and vi, using eq. (5.22), such that the corresponding i and Λi give
correct neutrino masses and mixing angles. There are two options, how neutrino
data can be fitted, i.e. the cases (c1) and (c2), defined in section 5.4. We discuss
the differences between these two possibilities below.
In the following we will study only two ’limiting’ cases, which we consider to be
the simplest possibilities to realize within the parameter space of the model: (a) a
bino-like LSP and (b) a singlino LSP. We note, however, that theoretically also other
possibilities exist at least in some limited parts of parameter space. For example,
one could also have that the phino, Φ˜, is the lightest Rp odd state. However,
with the superpotential of eq. (5.1), for any given value of µ, vΦ has a minimum
value. Since the product λvΦ also determines approximately the phino mass, a very
light phino requires a certain hierarchy λ  h0, h, which might be considered to
be a rather special case. Also in mSugra in the region where m0 is large one can
find points in which µ ∼ M1 and the lightest (MSSM) neutralino has a significant
higgsino component.
5.6.1 LSP production
Since neutrino physics requires that the R-parity violating parameters are small,
supersymmetric production cross sections are very similar to the corresponding
MSSM values, see for example [302] and references therein. Over most of the MSSM
parameter space one expects that mainly gluinos and squarks are directly produced
the LHC and that the lightest neutralinos appear as the “final” decay products at
the end of possibly long decay chains of sparticles. In addition charginos, neutralinos
and sleptons can be produced directly via Drell-Yan processes provided that they
are relatively light.
Cross sections for direct production of singlinos are always negligible. There
are essentially two possibilities how singlinos can be produced in cascade decays.
Firstly, a somewhat exotic chance to produce singlinos occurs if at least one of the
MSSM Higgsinos is heavier than Φ˜ and both h0 and h are large. In this case Si
appear in decay chains such as H˜u,d → Φ˜ + X1 → S + X2, where Xi denotes the
additionally produced particles. Secondly, there is the possiblity that singlinos are
the LSPs. Squarks and gluinos will then decay fast to the NLSP, which then decays
to S. A typical decay chain might be q˜ → q+ B˜ → q+S1,2+J . Other NLSPs such
as, τ˜1 will decay mainly via τ˜1 → S1,2 + τ , i.e. again ending up in singlinos. The
total number of singlino events therefore will be simply approximately equal to the
number of SUSY events for singlino LSPs.
5.6.2 LSP decays
Here we will discuss the main decay modes of bino and singlino LSPs. For a qualita-
tive understanding of the results, which are based on exact numerical computations,
the approximate formulas for the neutralino couplings in appendix A are helpful.
We will first discuss the parameter range, where mχ01 ≥ mW± , such that two-
body decays of χ01 to gauge bosons are kinematically allowed. Figure 5.2 shows an
example of the three lightest neutralino mass eigenvalues (left) and the main decay
modes of χ01 (right) as a function of
hvΦ√
2
for fixed values of all other parameters.
This point has been constructed in such a way, that the MSSM part of the spectrum,
all production cross sections and all decay branching ratios, apart from the lightest
neutralino decays, match very closely the mSugra standard point SPS1a’ [302].
Here, vR = vS = 1 TeV has been chosen as an arbitrary example, but the result
can be also obtained for other values of these two VEVs.
The left part of figure 5.2 shows how the quasi-Dirac pair S1,2 evolves as a
function of hvΦ√
2
. For low values (i.e. . M1) of this parameter combination S1 is
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→ J/SJ + ν
χ0
1
→ Z0 + ν
Fig. 5.2: Masses of the three lightest neutralinos (left) and branching ratios for the most
important decay modes of the lightest state (right) versus 1√
2
hvΦ for a specific,
but typical example point. The MSSM parameters have been adjusted such that
the sparticle spectrum of the standard point SPS1a’ is approximately reproduced.
The singlet parameters have been chosen randomly, vR = vS = 1 TeV, ~ and ~Λ
have been fitted to neutrino data, such that ~Λ generates the atmospheric scale
and ~ the solar scale. For a detailed discussion see text.
the LSP, for large values a B˜ is the LSP. The right side of the figure shows the
final states with the largest branching ratios. For low values of the LSP mass,
J/SJ + ν is usually the most important, i.e. there is a sizeable decay to invisible
final states, even for a relatively high vR, see also the discussion for figure 5.5. Next
in importance are the final states involving W± and charged leptons. Note, that
the model predicts ∑
iBr(χ
0









with g being a phase space correction factor, with g → 1 in the limit mχ01 →∞ [63].
Equation (5.34) can be understood with the help of the approximative couplings
(A.3) and (A.6). The relative size of the branching ratios for the final states W + e,
W + µ and W + τ depends on both, (a) the nature of the LSP and (b) the fit to
the neutrino data. We will discuss this important feature in more detail in section
5.6.4.
Generally, for mχ01 ≥ mW± three-body final states of the neutralino decay are
less important than the two-body decays shown in figure 5.2. Especially one expects
that the final state νbb¯ has a smaller branching than in the case of explicit /Rp [267].
This is essentially due to the fact, that |~|/µ is smaller in s-/Rpwith a “light” singlet
spectrum than in a model with explicit bilinear /Rp , simply because in s-/Rp it enters
the neutrino mass matrix at tree-level while in b-/Rp it only appears at the 1-loop
level. A smaller |~|/µ leads to smaller couplings between χ01 − l− l˜, χ01 − q − q˜ and
especially χ01 − ν − h0, see also couplings in [267]. We have checked numerically,
that Br(χ01 → ν + h0), if kinematically open, is typically below 1% for singlets in
the O(TeV) range.
For the case of mχ01 ≤ mW± figure 5.3 shows an example for the most important
final states of the lightest neutralino decay as a function of hvΦ√
2
. As in the figure
5.2 to the left the lightest neutralino is a singlino, to the right of the “transition”
region the lightest neutralino is a bino. Note that the point SU4 5 produces a bino
5 Benchmark point defined by the ATLAS collaboration at the Rome meeting, 2004.
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Fig. 5.3: Branching ratios for the most important decay modes of the lightest neutralino
state versus 1√
2
hvΦ for a specific, but typical example point. The MSSM pa-
rameters have been adjusted such that the sparticle spectrum of the standard
point SU4 is approximately reproduced. The singlet parameters have been cho-
sen randomly, vR = vS = 1 TeV, ~ and ~Λ have been fitted to neutrino data,
such that ~Λ generates the atmospheric scale and ~ the solar scale. The different
final states are as follows. In the left figure, as ordered on the right side, from
top to bottom the lines are Br(χ01 → [invisible]) (full line, blue), Br(χ01 → µqq′)
(short-dashed, red), Br(χ01 → τqq′) (large-dashed, light blue), Br(χ01 → νqq¯)
(full, yellow), Br(χ01 → νbb¯) (full, pink) and Br(χ01 → eqq′) (full, green). In
the right figure, purely leptonic modes, from top to bottom (on the right side):
Br(χ01 → νµτ ) (full, yellow), Br(χ01 → νeµ) (dashed, green), Br(χ01 → νeτ )
(full, red), Br(χ01 → νµµ) (dashed, light blue), Br(χ01 → νττ ) (full, pink) and
Br(χ01 → νee) (dashed, darker blue). For a detailed discussion see text.
mass of approximately mB˜ ' 60 GeV, thus the only two body decay modes which
are kinematically allowed are J + ν and - very often, but not always - SJ + ν. One
observes that these invisible decay modes have typically a larger branching ratio
than in the case mχ01 ≥ mW± shown in figure 5.2. This fact is essentially due to the
propagator and phase space suppression factors for three body decays. For a bino
LSP the invisible decay has the largest branching fraction. Semileptonic modes are
next important with typically liqq
′ being larger than νqq¯. It is interesting to note,
that in the purely leptonic decays, lepton flavor violating final states such as µτ
have branching ratios typically as large or larger than the corresponding charged
lepton flavor diagonal decays (µµ and ττ). These large flavor off-diagonal decays
can be traced to the fact that neutrino physics requires two large mixing angles. The
branching ratios shown in figure 5.3 should be understood only as representative
examples - not as firm predictions. Especially for the case of a bino LSP, the partial
width to the final state J + ν, i.e. invisible final state, can vary by several orders
of magnitude, see the discussion below. The predictions for relative ratios of the
different (partially or completely) visible final states is fixed much tighter, because
these final states correlate with neutrino physics, as we discuss in section 5.6.4.
If the S is the LSP, a bino NLSP decays dominantly to the singlino plus missing
energy, as is shown in figure 5.4. The final state can be either S1 + J or S1 + 2J ,
the latter due to the chain B˜ → S2+J → S1+2J , where the 2nd step has always a
branching fraction very close to 100%. However, a special opportunity arises if h is




3 ' B˜ → W± + l∓i ) can easily reach several percent and
it becomes possible to test the model with the bino decays and the singlino decays
at the same time. This would allow a much more detailed study of the model
See [303]. The values of the SU4 mSUGRA parameters can be also found at
https://twiki.cern.ch/twiki/bin/view/Atlas/SusyPublicResults.



























3 ' B˜ →W±+ l∓i ) versus h for MSSM parameters resembling
the standard point SPS1a’, random values of the singlet parameters and with the
condition of S1 being the LSP. The dominant decay mode for the B˜ in all points
is B˜ → S1 + /E, with the missing energy due to either J or 2J emission. For low
values of h one can have visible decays of the B˜ reaching (20− 30)%, for h larger
than, for say, h = 0.05 B˜ decays to S1 plus missing energy with nearly 100%.
parameters than for the more “standard” case where only either singlino or bino




3 ' B˜ → W± + l∓i )
depends mostly on vR (and to some extend on vΦ). Low values if vR lead to low∑
iBr(χ
0
3 ' B˜ →W± + l∓i ) as we will discuss next.
Figure 5.5 shows the sum over all at least partially visible decay modes of the
lightest neutralino versus vR in GeV, for a set of vΦ values vΦ = 10 − 40 TeV for
the mSUGRA parameter point (m0 = 280 GeV, m1/2 = 250 GeV, tanβ = 10,
A0 = −500 GeV and sgn(µ) = +). This point was constructed to produce formally
a Ωχ01h
2 ' 1 in case of conserved R-parity, much larger than the observed relic DM
density [254]. The left plot shows the case χ01 ' B˜, the right plot χ01 ' S. For B˜,
Br(B˜ → J + ν) very close to 100 % are found for low values of vR. This feature is
independent of the mSugra parameters, see the correspoding figure in [291]. In this
case large statistics becomes necessary to find the rare visible neutralino decays,
which prove that R-parity is broken. The inconsistency between the calculated
Ωχ01h
2 and the measured ΩCDMh
2 might give a first indication for a non-standard
SUSY model.
Figure 5.5 to the right shows that the case χ01 ' S has a very different depen-
dence on vR. We have checked that this feature is independent of the mSugra point.
For other choices of mSugra parameters larger branching ratios for Br(S → J + ν)
can be obtained, but contrary to the bino LSP case, the sum over the invisible decay
branching ratios never approaches 100 %.
Figure 5.6 shows the calculated decay lengths for the lightest neutralino for the
same choice of parameters as shown in figure 5.5. To the left the case χ01 ' B˜, to
the right χ01 ' S. Decay lengths depend strongly on vR. Singlinos tend to have
larger decay lengths than binos for the same choice of parameters. However, a
measurement of the decay length alone is not sufficient to decide whether the LSP
is a singlino or a bino. If the nature of the LSP is known, observing a finite decay
length allows a rough estimate of the scale vR, or at least to establish a rough lower
limit on vR.
Summarizing this discussion, it can be claimed that observing a decay branch-
ing ratio of the LSP into completely invisible final states larger than Br(χ01 →∑
[invisible]) ≥ 0.1 is an indication for s-/Rp. Finding Br(χ01 →
∑
[invisible]) ' 100%
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Fig. 5.5: Sum over all at least partially visible decay modes of the lightest neutralino
versus vR in GeV, for a set of vΦ values vΦ = 10–40 TeV for the mSUGRA
parameter point m0 = 280 GeV, m1/2 = 250 GeV, tan β = 10, A0 = −500
GeV and sgn(µ) = +. To the left χ01 ' B˜; to the right χ01 ' S . The plot
demonstrates that the branching ratio into B˜ → J + ν does depend strongly
on the value of vR and to a minor extend on vΦ. Lowering vR one can get
branching ratios for the invisible decay of the B˜ very close to 100 %, thus a very
MSSM-like phenomenology. This plot can be also found in figure 5.15, where the
different values for vΦ are also indicated. The right plot demonstrates that such
a possibility does not exist in the case of an S LSP.
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vR = vS [GeV]
Fig. 5.6: Decay length of the lightest neutralino in meter versus vR. To the left: Bino
LSP; to the right: Singlino LSP. All parameters have been chosen as in figure
5.5.
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for a bino LSP gives an order-of-magnitude estimate of vR.
5.6.3 Possible observables to distinguish between Singlino LSP and bino LSP
Since bino and singlino LSP decays have, in principle, the same final states, simply
observing some visible decay products of the LSP does not allow to decide the
nature of the LSP. In this subsection we will schematically discuss some possible
measurements, which would allow to check for the LSP nature.
As shown above, if the singlino is the LSP and the bino the NLSP, one can
have that the bino decays to standard model particles competing with the decay
to the singlino LSP. If both particles, the bino and the singlino LSP have visible
decay modes, it is guaranteed that the singlino is the LSP. If the bino decays only
invisibly to the singlino, a different strategy is called for. We discuss two examples
in the following.
In the following discussion we will replace the neutralino mass eigenstates by the
particles which correspond to their main content to avoid confusion with indices. At
the LHC one will mainly produce squarks and gluinos which will decay in general
in cascades. A typical example is q˜L → qW˜ and the wino decays further to a bino
LSP as for example:
W˜ → e+e˜− → e−e+B˜ → e−e+µqq¯ (5.35)
W˜ → e+e˜− → e−e+B˜ → e−e+Jν (5.36)
In this case one can measure in principle the neutralino mass from the first de-
cay chain. In the invariant momentum spectrum of the e+e− pair the edge must
correspond to this mass. In the case of the singlino
W˜ → e+e˜− → e−e+B˜ → e−e+JS → e−e+Jµqq¯ (5.37)
W˜ → e+e˜− → e−e+B˜ → e−e+JS → e−e+JJν (5.38)
In this case one has on average more missing energy than for a bino LSP. However,
in both cases one can study spectra combining the jet stemming from the squark
and the e+e− pair and obtain information on the masses from the so-called edge
variables [304]. In addition one can use additional variables like, for example, mT2
[305, 306, 307, 308] to obtain information on the LSP mass. Note, that this variable
works also if there are additional massless particles involved, although at the expense
of available statistics [309]. In addition one can obtain the invariant mass of the LSP
from the final state µqq¯. In the case where the LSP has a decay length measurable
at the LHC, one can separate the latter decay products from the other particles in
the event and, thus, reduce considerably the combinatorial problems associated with
the correct assignment of the jets. In the case of a bino LSP one would find that all
the three different measurements yield the same mass for the LSP. In the case of a
singlino LSP, on the other hand, one would obtain that the LSP mass reconstructed
from the edge variables does not coincide with the mass reconstructed from the µqq¯
spectrum. This would indicate that there are two different particles involved. (Such
a difference might also be visible in the mT2 variable.) However, in all cases detailed
Monte Carlo studies will be necessary to work out the required statistics, etc.
Distinguishing bino and singlino LSPs will become considerably easier at a future
international linear collider. In e+e− one can directly produce a bino LSP but not
a singlino LSP and, thus, the identification of the correct scenario should be fairly
straightforward.
5.6.4 Correlations between LSP decays and neutrino mixing angles
Correlations between LSP decays and neutrino mixing angles depend on the nature
of the LSP. Above we have discussed some possible measurements which, at least
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in principle, allow to distinguish bino from singlino LSPs. In this subsection we
assume that the nature of the LSP is known.
Bino LSP
We note that the following discussion is valid also if the bino is the NLSP which, as
discussed above, decays with some final, but probably small percentage to visible
final states.
In explicit bilinear R-parity violation the coupling of the bino component of the
neutralino to gauge bosons and leptons is completely dominated by terms propor-
tional to Λi, as has been shown in [267]. Although the coefficients for the spon-
taneous model are more complicated, see the discussion in appendix A, generation
dependence for the coefficients for the coupling χ01−W − li appear only in the terms




 are independent of the lepton generation. Numerically
one finds than that the terms proportional to Λi dominate the χ
0
1−W − li coupling
for a bino LSP always. This is demonstrated in figures 5.7 and 5.8. Here we have
numerically scanned the mSugra parameter space, with random singlet parameters
and the additional condition that the LSP is a bino. For the left (right) figures we
have numerically applied the cut N211 > 0.5 (N
2
11 > 0.9).
Figure 5.7 [ 5.8] shows the ratio of branching ratios Br(B˜ → W + e)/Br(B˜ →
W + µ) [Br(B˜ → W + µ)/Br(B˜ → W + τ)] versus (Λe/Λµ)2 [(Λµ/Λτ )2]. To
establish a correlation between ratios of Λi and the bino decay branching ratios,
a bino purity of N211 > 0.5 is usually sufficient. The figures demonstrate that the
correlations get sharper with increasing bino purity.
We have checked that for neutralinos with mass lower than mW one can use
ratios of the decays B˜ → liqq′ for the different li in the same way to perform a
measurement of Λi ratios. Plots for this parameter region are rather similar to the
ones shown for the case B˜ → liW , although with a somewhat larger dispersion, and
we therefore do not repeat them here.
With the measurement of ratios of branching ratios different consistency checks
of the model can be performed. In case (c1), i.e. ~Λ explaining the atmospheric
scale, the atmospheric and the reactor angle are related to W + l final states, as
shown in figure 5.9. Here we show the ratios Rµ = Br(χ
0
1→µW )
Br(χ01→τW ) versus tan
2 θ23




versus sin2 θ13 (right) for a bino LSP,
for an assumed bino-purity of N211 > 0.8. The vertical lines are the 3σ c.l. allowed
experimental ranges (upper bound), horizontal lines the resulting predictions for
the two different observables R. Given the current experimental data, one expects
Br(χ01→µW )








correlates with tan2 θ12, as shown in figure 5.10.
Therefore, from the 3σ c.l. allowed range of the solar angle as measured by os-








 1, rules out the model as the origin of the
observed neutrino oscillation data. Similarly a low (high) experimental value for
this ratio indicates (for a bino LSP) that case (c1) [(c2)] is the correct explanation
for the two observed neutrino mass scales.
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2 for a bino LSP. To the left: “Bino-purity”
N211 > 0.5, to the right: N
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→τW ) versus (Λµ/Λτ )
2 for a bino LSP. To the left: “Bino-purity”
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versus sin2 θR ≡ sin2 θ13 (right) for a bino LSP.
“Bino-purity” N211 > 0.8. Vertical lines are the 3σ c.l. allowed experimental
ranges, horizontal lines the resulting predictions for the fit (c1), see text.





































versus tan2 θ ≡ tan2 θ12 for a bino
LSP. “Bino-purity” N211 > 0.8. Vertical lines are the 3σ c.l. allowed exper-
























































→τW ) (right) versus (µ/τ )
2
for a “singlino” LSP.
Singlino LSP
Different from the bino LSP case, for singlinos coupling to a lepton li-W pair terms
proportional to i dominate by far. This is demonstrated in figure 5.11, where
we show the ratios
Br(χ01→eW )
Br(χ01→µW ) (left) versus (e/µ)
2 and
Br(χ01→µW )
Br(χ01→τW ) (right) versus
(µ/τ)
2 for a singlino LSP. Note that mixing between singlinos and the doublet
neutralinos of the model is always very small, unless the singlino is highly degenerate
with the bino. Consequently singlinos are usually very “pure” singlinos and the
correlations of the li-W with the i ratios is very sharp.
Depending on which case, (c1) or (c2), is chosen to fit the neutrino data, the
corresponding ratios of branching ratios are then either sensitive to the atmospheric
and reactor or the solar angle. This is demonstrated in figures 5.12 and 5.13. Here,





for the fit (c1). This result is very similar to the one obtained for the fit (c2) and
a bino LSP. For this reason the nature of the LSP needs to be known, before one
can decide, whether the measurement of a ratio of branching ratio is testing (c1) or
(c2).
Figure 5.13 shows the dependence of Rµ = Br(χ
0
1→µW )
Br(χ01→τW ) versus tan
2 θ23 (left)





































versus tan2 θ ≡ tan2 θ12 for a singlino
LSP. Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines























































→τW ) versus tan







versus sin2 θR ≡ sin2 θ13 (right) for a singlino LSP.
Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines the
resulting predictions for the fit (c2), see text.
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versus sin2 θ13 (right) for a singlino LSP,
using the neutrino fit (c2). Again one observes that this result is very similar to
the one obtained for a bino LSP and fit (c1). This simply reflects that fact, that
neutrino angles can be either fitted with ratios of i or with ratios of Λi and singlinos
couple mostly proportional to i, while binos are sensitive to Λi.
Similar correlations can be found for scenarios with mχ01 < mW . In this case
one must look at three-body decays like χ01 → qq′li, which are mediated by virtual
W bosons.
Let us finally point out that in case the singlino is the LSP and the bino, as
the NLSP, decays with some measurable branching ratios to W − li, both Λi and i
ratios could be reconstructed, which would allow for a much more comprehensive
test of the model.
5.7 Phenomenology at low-energy experiments
Now we will discuss the phenomenology at low-energy experiments. The presence
of a massless particle, the majoron, gives rise to new processes like µ → eJ and
µ→ eJγ, providing additional information not present in collider experiments [290].
Majorons are weakly coupled, thus potentially lead to a decay mode for the
lightest neutralino which is invisible. As demonstrated in section 5.6.2, this new
decay mode can be dominant in some regions of parameter space, making the model
indistinguishable from the MSSM with conserved R-parity. Here we extend the
argument and look for additional signatures at low-energy experiments.
Neutralino-Majoron couplings can be calculated from the general coupling χ0i −
χ0j − P 0k , see appendix A. Mixing between the neutralinos and the neutrinos then
leads to a coupling χ01 − νk − J which, in the limit vR, vS  i, vi, can be written
as [289]






(g′N11 − gN12) + · · · , (5.39)
For the notation see appendix A. In addition to the majoron there is also a rather
light singlet scalar, called the “scalar partner” of the majoron in [298], SJ . The
lightest neutralino has a coupling Oχ˜01νkSJ , which is of the same order as Oχ˜01νkJ .
Since SJ decays to nearly 100 % to two majorons, this decay mode contributes
sizeably to the invisble width of the lightest neutralino, for more details see [289].
The decays li → ljJ can be calculated from the general coupling χ+i −χ−j −P 0k . In
the limit of small R-parity violating parameters the relevant interaction lagrangian






























(−g2vdv2u − vdµ2 + vuM2µ) (5.42)
C2 = −2vd C3 = −g
2vdvu
Det+
C4 = 1− g
2vdvu
2Det+





Fig. 5.14: Feynman diagrams for the decay µ→ eJγ. As in the standard model radiative
decay µ→ eν¯νγ these diagrams contain an infrared divergence for mγ = 0, see
text.
where Det+ is the determinant of the MSSM chargino mass matrix Det+ =M2µ−
1
2g
2vdvu. Eq. (5.41) shows that one expects large partial widths to majorons, if vR
is low.
For a charged lepton li, with polarization vector ~Pi, the decay li → ljJ has a




















where θ is the angle between the polarization vector ~Pi and the momentum ~pj of
the charged lepton in the final state, and Pi = |~Pi| is the polarization degree of the
decaying charged lepton.








1± Pi cos θ
)
(5.44)
since |OccpRijJ |2 ∝ (Y jje )2 ∝ m2j . The angular distribution of the majoron emitting
lepton decay is thus very similar to the standard model muon decay [44], up to
corrections of the order (mj/mi)
2, which are negligible in practice.
We next consider the decay µ→ eJγ which might be more interesting due to the
existent experiments looking for µ → eγ6. It is induced by the Feynman diagrams
shown in figure 5.14.
In the approximation me ' 0 the partial decay width for the process µ → eJγ
can be written as
Γ(µ→ eJγ) = α
64pi2
|OccpLµeJ |2mµI(xmin, ymin) (5.45)






(x− 1)(2− xy − y)
y2(1− x− y) , (5.46)
6 Formulas for the radiative majoron decays of the τ can be found from straightforward replace-
ments.
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and xmin and ymin are the minimal electron and photon energies measured in a
given experiment.
Note that the integral I(xmin, ymin) diverges for ymin = 0. This infrared
divergence is well-known from the standard model radiative decay µ → eν¯νγ
[310, 311, 312, 313], and can be taken care off in the standard way by introducing
a non-zero photon mass mγ . Note that in the limit me = 0 there also appears a
colinear divergence, just as in the SM radiative decay. Since in any practical exper-
iment there is a minimum measurable photon energy, ymin, as well as a minimum
measurable photon-electron angle (θeγ), neither divergence affects us in practice.
We simply integrate from the minimum value of y up to ymax when estimating the
experimental sensitiviy of Br(µ→ eJγ) on the majoron coupling.
In the calculation of the integral I(xmin, ymin) one has to take into account not
only the experimental cuts applied to the variables x and y, but also the experi-
mental cut for the angle between the directions of electron and photon. This angle
is fixed for kinematical reasons to




This relation restricts xmax to be xmax ≤ 1 as a function of y (and vice versa) and
to xmax < 1 for cos θeγ > −1.
Using the formula for Γ(µ→ eJ), in the approximation me ' 0,
Γ(µ→ eJ) = mµ
32pi
|OccpLµeJ |2 (5.49)
one finds a very simple relation between the two branching ratios
Br(µ→ eJγ) = α
2pi
I(xmin, ymin)Br(µ → eJ). (5.50)
We will use eq. (5.50) in section 5.7.2 when we discuss the relative merits of the
two different measurements.
5.7.1 Numerical results
As in the collider phenomenology section, all numerical results shown in this section
have been obtained using the program package SPheno [301], with the required
extension to include ν̂c, Ŝ and Φ̂. The /Rp parameters are chosen in such a way that
solar and atmospheric neutrino data [135] are fitted correctly. In the plots shown
below we use Λi for the atmospheric scale and i for the solar scale.
As shown previously [289] if the lightest neutralino is mainly a bino, the decay
to majoron plus neutrino is dominant if vR is low. This was shown in figure 5.5
and is demonstrated again for a bino LSP in figure 5.15, to the left, with the same
sample point (mSugra parameters m0 = 280 GeV, m1/2 = 250 GeV, tanβ = 10,
A0 = −500 GeV and sgn(µ) = +). We stress that this result is independent of
the choice of mSugra parameters to a large degree [291]. A scan over vΦ has been
performed in this plot, varying vΦ in the huge interval [1, 10
2] TeV. Large values of
vΦ lead to small values of the constant c in the neutrino mass matrix, see eqs. (5.20)
and (5.21). Small c require, for constant neutrino masses, large values of i, which
in turn lead to a large invisible width of the neutralino. The largest values of vΦ
(dark areas) therefore lead to the smallest visible neutralino decay branching ratios
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Fig. 5.15: Branching ratios for visible lightest neutralino decay (left) and branching ratio
Br(µ → eJ) (right) versus vR in GeV for a number of different choice of vΦ
between [1, 102] TeV indicated by the different colors. Darker colors indicate
larger vΦ in a logarithmic scale. mSugra parameters defined in the text. There is
very little dependence on the actual mSugra parameters, however, see discussion
and figure 5.16.
shown in figure 5.15. Let us mention that this region of parameter space requires
small values for h0 in order to keep µ at the weak scale.
Figure 5.15, to the right, shows the branching ratio Br(µ→ eJ) as a function of
vR for different values of vΦ. All parameters have been fixed to the same values as
shown in the left figure. As the figure demonstrates, small values of vR (and large
values of vΦ) lead to large values of Br(µ → eJ). This agrees with the analytic
expectation, compare to equation (5.41).
Our main result in this section is shown in figure 5.16. In this figure we show
Br(µ → eJ) versus the sum of all branching ratios of neutralino decays leading to
at least one visible particle in the final state for two different choices of mSugra
parameters. The similarity of the two plots shows that our result is only weakly
dependent on the true values of mSugra parameters. We have checked this fact also
by repeating the calculation for other mSugra points, although we do not show plots
here. As expected Br(µ→ eJ) anticorrelates with the visible bino decay branching
fraction and thus probes a complementary part in the supersymmetric parameter
space. An upper bound on Br(µ → eJ) will constrain the maximum branching
ratio for invisible neutralino decay, thus probing the part of parameter space where
spontaneous R-parity breaking is most easily confused with conserved R-parity at
accelerators.
We have checked the points shown in the plots for various phenomenological
constraints. LEP bounds are trivially fulfilled by vi < vR. Double beta decay
bounds on gννJ
7 are of the order of 10−4 [314] and, since the coupling gννJ is
suppressed by two powers of R-parity violating parameters, are easily satisfied in
our model. More interesting is the astrophysical limit on geeJ . Ref. [315] quotes
a bound of geeJ ≤ 3 · 10−13. Although this bound is derived from the coupling of
the majoron to two electrons, thus constraining actually the products v2Le , 
2
e and
Λ2e, whereas Br(µ→ eJ) is proportional to eµ and ΛeΛµ, it still leads to a (weak)
constraint on Br(µ → eJ), since neutrino physics shows that two leptonic mixing
7 We will use the symbol g when discussing experimental bounds, to differentiate from the model
dependent couplings OccpL and O
ccp
R defined previously in this section.
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Fig. 5.16: Branching ratios for visible lightest neutralino decay versus branching ratio
Br(µ → eJ) for two mSugra points, for various choices of vΦ, see figure 5.15.
To the left, same mSugra parameters as figure 5.15, to the right SPS1a’.
angles are large. This requires that either e ∼ µ or Λe ∼ Λµ. For the case studied
in our plots, where i generate the solar scale, tan
2 θ12 ' 1/2 requires e ∼ µ.
Numerically we then find that geeJ ≤ 3 · 10−13 corresponds to an upper bound on
Br(µ → eJ) of very roughly Br(µ → eJ) . (few) · 10−5. In case neutrino data
is fitted with ~ for the atmospheric scale, the corresponding bound is considerably
weaker.
5.7.2 Experimental constraints and Br(µ→ eJγ)
The Particle Data Group [44] cites [316] with an upper limit on the branching ratio
of Br(µ → eX0) ≤ 2.6× 10−6, where X0 is a scalar boson called the familon. This
constraint does not apply to the majoron we consider here, since it is derived from
the decay of polarized muons in a direction opposite to the direction of polarization.
The authors of [316] concentrated on this region, since it minimizes events from
standard model β-decay. As shown in eq. (5.44), the majoron emitting decay has
a very similar angular distribution as the standard model decay, with the signal
approaching zero in the data sample analyzed by [316]. Nevertheless, from the spin
processed data shown in figure (7) of [316], which seems to be in good agreement
with the SM prediction, it should in principle be possible to extract a limit on
Br(µ → eJ). From this figure we estimate very roughly that this limit should be
about one order of magnitude less stringent than the one for familon decay. For
a better estimate a re-analysis of this data, including systematic errors, would be
necessary.
Ref. [317] searched for majorons in the decay of pi → eνJ , deriving a limit of
Br(pi → eνJ) ≤ 4 · 10−6. Since the experimental cuts used in this paper [317] are
designed to reduce the standard model background from the decay chain pi → µ→ e,
the contribution from on-shell muons is reduced by about five orders of magnitude.
The limit then essentially is a limit on the majoron-neutrino-neutrino coupling,
gννJ , leaving only a very weak constraint on the coupling gµeJ . Also an analysis
searching for Br(µ→ eJγ) has been published previously [318]. From a total data
sample of 8.15·1011 stopped muons over the live time of the experiment [318] derived
a limit on Br(µ→ eJγ) of the order of Br(µ→ eJγ) ≤ 1.3 ·10−9. For the cuts used
in this analysis, we calculate I ' 10−3. Thus, see eq. (5.50), this limit translates
into only a rather weak bound Br(µ→ eJ) ≤ 1.1 · 10−3.
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Fig. 5.17: The phase space integral for the decay µ → eJγ as a function of xmin for
three different values of ymin = 0.95, 0.99, 0.995 from top to bottom and for two
different values of cos θeγ . To the left cos θeγ = −0.99, to the right cos θeγ =
−0.99997.
Currently, the MEG experiment [293] is the most advanced experiment inves-
tigating muon decay. With a muon stopping rate of (0.3 − 1) · 108 per second, it
expects a total of the order of 1015 muons over the expected live time of the experi-
ment. An analysis of electron only events near the endpoint should therefore allow,
in principle, to improve the existing limits on Br(µ→ eJ) by an estimated (2− 3)
orders of magnitude, if systematic errors can be kept under control.
However, the MEG experiment, as it is designed to search for Br(µ→ eγ), uses
a trigger that requires a photon in the event with a minimum energy of Eminγ ≥ 45
MeV. Data for muon decays without a photon in the final state are only kept for
background measurements and calibration purposes. Therefore, until these data
are released, it is interesting to constrain the majoron-charged-lepton coupling via
searching for Γ(µ→ eJγ). See appendix B for a comparison between the constrain-
ing power of Γ(µ→ eJ) and Γ(µ→ eJγ).
Figure 5.17 shows the value of the phase space integral I(xmin, ymin) as a func-
tion of xmin for three different values of ymin and for two choices of cos θeγ . The
MEG proposal describes the cuts used in the search for µ → eγ as xmin ≥ 0.995,
ymin ≥ 0.99 and |pi − θeγ | ≤ 8.4 mrad. For these values we find a value of
I ' 6 · 10−10. A limit for Br(µ → eγ) of Br(µ → eγ) ≤ 10−13 then translates
into a limit of Br(µ → eJ) ≤ 0.14, obviously not competitive. To improve upon
this bound, it is necessary to relax the cuts. For example, relaxing the cut on the
opening angle to cos θeγ = −0.99, the value of the integral increases by more than
3 orders of magnitude for xmin = ymin ≥ 0.95.
On the other hand, such a change in the analysis is prone to induce background
events, which the MEG cuts were designed for to avoid. The MEG proposal dis-
cusses as the two most important sources of background: (a) Prompt events from
the standard model radiative decay µ→ eνν¯γ; and (b) accidental background from
muon annihilation in flight. For the current experimental setup the accidental back-
ground is larger than the prompt background. Certainly, a better timing resolution
of the experiment would be required to reduce this background. For the prompt
background we estimate, using the formulas of [319], that for a total of 1013 muon
events, one background event from the radiative decay will enter the analysis win-
dow for xmin = ymin ' 0.96 for the current cut on cos θeγ .
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A further relaxation of the cuts can lead, in principle, to much larger values for
I(xmin, ymin). However, the search for Br(µ → eJγ) than necessarily is no longer
background free. Since all the events from µ → eJγ lie along the line of cos θeγ
defined by eq. (5.48), whereas events from the SM radiative mode fill all of the
cos θeγ space, such a strategy might be advantageous, given a large enough data
sample.
Before closing this section, we mention that tau decays with majoron emis-
sion are less interesting phenomenologically for two reasons. First the existing
experimental limits are much weaker for taus [320] Br(τ → µJ) ≤ 2.3 % and
Br(τ → eJ) ≤ 0.73 %. And, second, although the coupling τ − µ − J is larger
than the coupling µ − e − J by a factor mτ/mµ, the total width of the tau is
much larger than the width of the muon, thus the resulting theoretical predictions
for tau branching ratios to majorons are actually smaller than for the muon by a
factor of approximately 104. Finally, we also point out that µ – e conversion in
nuclei is another important observable, intimately linked to those studied here. Ex-
periments like COMET and PRISM/PRIME [321], still in the research and design
stage, will have sensitivities for conversion rates as low as 10−16 − 10−18, and thus
very promising results are expected.
5.8 Summary
We have studied the theory and phenomenology of a supersymmetric model in which
neutrino oscillation data is explained by spontaneous R-parity violation. This setup
provides a testable framework that explains neutrino masses and solves some of the
problems of b-/Rp .
The model has many distinctive signatures. From the collider point of view, the
LSP decay clearly distinguishes this model from the standard MSSM, and provides
a tool to test the model.
We have concentrated the discussion on the case that the LSP is either a bino,
like in a typical mSugra point, or a singlino state, novel to the current model. We
have worked out the most important phenomenological signals of the model and
how it might be distinguished from the well-studied case of the MSSM, as well as
from a model in which the violation of R-parity is explicit.
There are regions in parameter space, where χ˜0 decays invisibly with branch-
ing ratios close to 100 %, despite the smallness of neutrino masses. In this limit,
spontaneous violation of R-parity can resemble the MSSM with conserved R-parity
at the LHC and the experimentalists would have to search for the very rare visible
decay channels to establish the R-parity indeed is broken.
The perhaps most important test of the model as the origin of the observed neu-
trino masses comes from measurements of ratios of branching ratios toW -boson and
charged lepton final states. Ratios of these decays are always related to measured
neutrino angles. If SUSY has a spectrum light enough to be produced at the LHC,
the spontaneous model of R-parity violation is therefore potentially testable.
However, as stated above, invisible decays might be dominant and do not allow
for these signals to be seen at the LHC. In that case one needs to study additional
observables that are enhanced in the region of parameter space where the branching
ratio for majoron final states approaches 100 %. These observables are provided by
low-energy experiments.
We have calculated branching ratios for exotic muon and tau decays involving
majorons in the final state. Branching ratios can be measurably large, if the scale of
lepton number breaking is low. Note that this is the region of parameter space where
a bino LSP decays mainly to invisible states, and thus the combination between
collider and low-energy experiments might allow to distinguish s-/Rp from the MSSM
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with conserved R-parity.
This result is independent of the absolute value of the neutrino mass. The lowest
possible values of vR (at large values of vΦ) are already explored by the existing
limit on Br(µ→ eJ).
We have briefly discussed the status of experimental limits. It will not be an easy
task to improve the current numbers in future experiments. While MEG [293] cer-
tainly has a high number of muon events in the detector, a search for Br(µ→ eJγ)
instead of Br(µ→ eJ) suffers from a small value of the available phase space inte-
gral, given current MEG cuts. An improvement will only be possible, if a dedicated
search by the experimentalists is carried out. Nevertheless, we believe this is a
worthwhile undertaking, since measuring a finite value for Br(µ → eJ) will estab-
lish that R-parity is broken in a region of SUSY parameter space complementary
to that probed by accelerator searches.
6. µνSSM
The µνSSM was recently proposed as an economical way to introduce neutrino
masses in the MSSM. This R-parity breaking model introduces just one singlet to
address the µ and  problems. In that sense, the µνSSM is a simpler scheme than
s-/Rp , where three additional singlets are used. The main difference is, however, the
explicit breaking of R-parity. This implies a spectrum without majoron.
6.1 Motivation
The superpotential of the MSSM contains a mass term for the Higgs superfields,
µĤdĤu. For phenomenological reasons this parameter µ must be of the order of the
electroweak scale. However, if there is a larger scale in the theory, like the grand
unification or Planck scales, the natural value of µ lies at this large scale. This
naturalness problem is, in short, the µ-problem of the MSSM [46]. The Next-to-
Minimal SSM (NMSSM) provides a solution [278, 279] at the cost of introducing a
new singlet field and imposing the scale invariance of the superpotential by assuming
a discrete Z3 symmetry. The VEV of the singlet produces the µ term, once the
electroweak symmetry is broken (for recent reviews on the NMSSM see [322, 323],
whereas for some recent papers on the phenomenology of the NMSSM, see for
example [324, 325, 326, 327] and references therein.).
The µνSSM [198] proposes to use the same singlet superfield(s) which generate
the µ term to also generate Dirac mass terms for the observed left-handed neutrinos.
Lepton number in this approach is broken explicitly by cubic terms coupling only
singlets. Rp is broken also and Majorana neutrino masses are generated once elec-
troweak symmetry is broken. Two recent papers have studied the µνSSM in more
detail. In [276] the authors analyze the parameter space of the µνSSM, putting spe-
cial emphasis on constraints arising from correct electroweak symmetry breaking,
avoiding tachyonic states and Landau poles in the parameters. The phenomenology
of the µνSSM has been studied also in [328]. In this paper formulas for tree-level
neutrino masses are given and decays of a neutralino LSP to two-body (W -lepton)
final states have been calculated [328].
There have been recent works expanding our knowledge on the µνSSM. The
authors of reference [329] investigate indirect signals coming from a decaying gra-
vitino in the µνSSM. This is one of the usual dark matter candidates in /Rp SUSY.
Reference [330] studies spontaneous CP violation in the µνSSM, showing that it can
indeed happen. This recent contribution also addresses the seesaw mechanism in
the µνSSM, describing its origin and how it can accommodate the observed neutrino
masses and mixing angles. Finally, reference [331] makes a detailed computation of
the 1-loop corrections to neutrino masses and mixing angles in the µνSSM.
In the present chapter, we study the collider phenomenology of the µνSSM [332],
extending previous works [198, 276, 328]. In contrast to [328] all kinematically
allowed final states are considered. This does not only cover scenarios where two-
body decays are important, but also those where three-body decays are dominant.
We consider two different variations of the model. In its simplest form the µνSSM
contains only one new singlet. This version produces one neutrino mass at tree-level,
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while the remaining two neutrinos receive mass at the loop-level. This feature is
very similar to bilinear R-parity breaking, although as discussed below, the relative
importance of the various loops is different for the explicit bilinear model and the
µνSSM. As in the explicit bilinear model neutrino angles restrict the allowed range
of /Rp parameters and correlations between certain ratios of decay branching ratios
of the LSP and neutrino angles appear. In the second version we allow for n singlets.
Neutrino masses can then be fitted with tree-level physics only. However, many of
the features of the one generation model remain at least qualitatively true also in
the n singlet variants. LSP decays (for a bino or a singlino LSP) can be correlated
with either the solar or atmospheric angle, thus allowing to construct explicit tests
of the model for the LHC.
Finally, similar proposals have been discussed in the literature. [333] studied a
model in which the NMSSM singlet is coupled to (right-handed) singlet neutrino
superfields. Effectively this leads to a model which is very similar to the NMSSM
with explicit bilinear terms, as studied for example also in [334]. In [335] the authors
propose a model similar to the µνSSM, but with only one singlet.
6.2 The model
In this section we introduce the model, work out its most important properties
related to phenomenology and neutrino masses and mixings. As explained in the
introduction, we will consider the n generations case in this section. Approximate
formulas are then given for scalar masses for the one (1) νˆc-model and for neutrino
masses for the 1 and 2 νˆc-model.
6.2.1 Superpotential
The model contains n generations of right-handed neutrino singlets. The superpo-
tential can be written as
W = Y iju Q̂iûcjĤu + Y ijd Q̂id̂jĤd + Y ije L̂iêcjĤd
+ Y isν L̂iν̂
c










The last three terms include the right-handed neutrino superfields, which addition-
ally play the role of the Φ̂ superfield in the NMSSM [278], a gauge singlet with
respect to the SM gauge group. The model does not contain any terms with di-
mensions of mass, providing a natural solution to the µ-problem of the MSSM. Like
in the NMSSM or s-/Rp , this can be enforced by introducing a discrete Z3 symme-
try. For the associated domain wall problem and its possible solutions we refer the
reader to references [294, 295, 296].
Note, that as the number of right-handed neutrino superfields can be different
from 3 we use the letters s, t and u as generation indices for the ν̂c superfields and
reserve the letter i, j and k as generation indices for the usual MSSM matter fields.
The last two terms in (6.1) explicitly break lepton number and thus R-parity
giving rise to neutrino masses. Note that κstu is completely symmetric in all its
indices. In contrast to other models with R-parity violation, this model does not
need the presence of unnaturally small parameters with dimensions of mass, like in
bilinear R-parity breaking models [256], and there is no Goldstone boson associated
with the breaking of lepton number [282, 283, 275], since breaking of Rp is done
explicitly.
The absence of the R-parity violating superpotential trilinear couplings can be
justified by assuming that they vanish at some high-energy scale. Then, although
they are generated at the SUSY scale by RGE running, their values remain negligible
[276].
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For practical purposes, it is useful to write the superpotential in the basis where
the right-handed neutrinos have a diagonal mass matrix. Since their masses are
























soft contains all the usual soft terms of the MSSM but the Bµ-term, see
equation (2.30), and V singletssoft includes the new terms with singlets:



























In these expressions the notation for the soft trilinear couplings introduced in [41, 42]
is used. Note that the rotation made in the superpotential does not necessarily diag-
onalize the soft trilinear terms T stuκ implying in general additional mixing between
the right-handed sneutrinos.
6.2.3 Scalar potential and its minimization
Summing up the different contributions, the scalar potential considering only neu-
tral fields reads











VF = |Y isν ν˜iν˜cs − λsν˜csH0d |2 + |λsν˜csH0u|2 +
3∑
i=1











where summation over repeated indices is implied.










, 〈ν˜i〉 = vi√
2
(6.8)









Ĥu − λs vRs√
2
ĤdĤu ≡ iL̂iĤu − µĤdĤu
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Since by electroweak symmetry breaking an effective µ term is generated, it is
naturally at the electroweak scale. Minimizing the scalar potential gives the tadpole
equations at tree-level, see appendix C.
As usual in R-parity breaking models with right-handed neutrinos, see for exam-
ple the model proposed in [197] and discussed in chapter 5, it is possible to explain
the smallness of the vi in terms of the smallness of the Yukawa couplings Yν , that
generate Dirac masses for the neutrinos. This can be easily seen from equation
(C.3), where both quantities are proportional. Moreover, as shown in [198], taking
the limit Yν → 0 and, consequently, vi → 0, one recovers the tadpole equations of
the NMSSM, ensuring the existence of solutions to this set of equations.
Finally, as in chapter 5, although other vacuum configurations exist, we will focus
on minima that break the electroweak symmetry and R-parity simultaneously.
6.2.4 Masses of the neutral scalars and pseudoscalars
In this subsection we work out the main features of the neutral scalar sector mainly
focusing on singlets. The complete mass matrices are given in appendix D. We
start with the one generation case which closely resembles the NMSSM, considered,
for example, in [336, 337]. This already implies an upper bound on the lightest
doublet Higgs mass m(h0), on which we will focus on at the end of this subsection.
A correct description of neutrino physics implies small values for the VEVs vi of
the left sneutrinos and small Yukawa couplings hν as we will see later. Neglecting
mixing terms proportional to these quantities, the (6× 6) mass matrix of the pseu-
doscalars in the basis Im(H0d , H
0
u, ν˜
c, ν˜i) given in appendix D, equation (D.20), can
be decomposed in two (3× 3) blocks. By using the tadpole equations we obtain
M2P 0 =




































































κ ) vR (6.17)
The upper (3× 3) block contains the mass terms for Im(Hd), Im(Hu) and Im(ν˜c)
and we get analytic expressions for the eigenvalues:
m2(P 01 ) = 0












































































The first eigenvalue corresponds to the Goldstone boson due to spontaneous symme-






=: f1 (Ω2) (6.20)
has to be fulfilled, implying that Tκ has in general the opposite sign of vR. Ad-
ditional constraints on the parameters are obtained from the positiveness of the
squared masses of the neutral scalars. Taking the scalar mass matrix from ap-
pendix D, equation (D.11), in the basis Re(H0d , H
0
u, ν˜
c, ν˜i) in the same limit as
above we obtain
M2S0 =













−Ω1 − Ω2 − Ω6 +Ω4





(−2Ω1 − Ω2) vuvR +Ω4 vRvu





































using the additional parameters
Ω4 = λλ











vdvu > 0 (6.28)
An analytic determination of the eigenvalues is possible but not very illuminating.
However, one can use the following theorem: A symmetric matrix is positive definite,
if all eigenvalues are positive and this is equal to the positiveness of all principal
minors (Sylvester criterion). This results in the following three conditions
















− 2Ω6 + 2Ω4
)
+ 2Ω4Ω6 − Ω24
0 < Ω3 − f2 (Ω2) , (6.29)
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+ 2 (Ω1 +Ω2 − Ω4 + 2Ω6)Ω24
v2R
vdvu










16Ω31 + 8 (4Ω2 − Ω4 +Ω6)Ω21 + 10Ω1Ω2 (2Ω2 − Ω4 + Ω6)
+Ω2 (2Ω2 − Ω4) (2Ω2 − Ω4 + 2Ω6)] vdvu
v2R
(6.30)








+ 2 (Ω1 +Ω2) (Ω4 − Ω6)
+ 2Ω4Ω6 − Ω24 (6.31)
The first two conditions are in general fulfilled, but for special values of tanβ or λ.
Putting all the above together we get the following conditions:
f2(Ω2) < Ω3 < f1(Ω2) (6.32)
It turns out that by taking a negative value of Ω3 (∝ Tκ) near f2(Ω2) one obtains
a very light singlet scalar, whereas for a value of Ω3 near f1(Ω2) one gets a very
light singlet pseudoscalar. In between one finds a value of Ω3, where both particles
have the same mass. This discussion is comparable to formula (37) in [337] for the
NMSSM. Moreover, a small mass of the singlet scalar and/or pseudoscalar comes
always together with a small mass of the singlet fermion.
In the n generation case a similar result holds as long as Tκ and m
2
ν˜c do not
have sizeable off-diagonal entries. Inspecting eqs. (D.15) and (D.24) it is possible
to show that the singlet scalars and pseudoscalars can be made heavy by properly
choosing values for the off-diagonal entries of Tκ while keeping at the same time the
singlet fermions relatively light, as will be discussed later. As pointed out in [276],
the NMSSM upper bound on the lightest doublet Higgs mass of about ∼ 150 GeV,
which also applies in the µνSSM, can be relaxed to O(300) GeV, if one does not
require perturbativity up to the GUT scale.
6.3 Neutrino masses




(− iB˜0,−iW˜ 03 , H˜0d , H˜0u, νcs , νi) (6.33)







Here MH is the submatrix including the heavy states, which consists of the usual
four neutralinos of the MSSM and n generations of right-handed neutrinos. The
matrix m mixes the heavy states with the left-handed neutrinos and contains the
R-parity breaking parameters.
The matrix MN can be diagonalized in the standard way:
M̂N = N ∗MNN−1 (6.35)
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As we saw in the previous chapters, the smallness of neutrino masses allows to find
the effective neutrino mass matrix in a seesaw approximation
mννeff = −mT ·M−1H ·m = −ξ ·m , (6.36)
where the matrix ξ contains the small expansion parameters which characterize the
mixing between the neutrino sector and the heavy states.
Since the superpotential explicitly breaks lepton number, at least one mass for
the left-handed neutrinos is generated at tree-level. In the case of the 1 νˆc-model the
other neutrino masses are generated at loop-level. With more than one generation
of right-handed neutrinos additional neutrino masses are generated at tree-level, re-
sulting in different possibilities to fit the neutrino oscillation data, see the discussion
below.
6.3.1 1 generation of right-handed neutrinos











Y iν vR (6.38)

























(v2u − v2d) (6.40)
The parameters mγ = g
2M1 + g
′2M2 and v2 = v2d + v
2
u have the same definition as















2v4 + 4MRµvdvu)−M1M2µ(vdvuλ2 +MRµ) . (6.43)
Using these expressions the tree-level effective neutrino mass matrix takes the form














Fig. 6.2: 1-loop mixing between gauginos and the right-handed neutrinos.
The projective form of this mass matrix implies that only one neutrino gets a tree-
level mass, while the other two remain massless. Therefore, as in models with
bilinear R-parity violation [266, 258, 259] 1-loop corrections are needed in order to
correctly explain the oscillation data, which requires at least one additional massive
neutrino. The absolute scale of neutrino mass constrains the ~Λ and ~ parameters,
which have to be small. For typical SUSY masses order O(100 GeV), one finds
|~Λ|/µ2 ∼ 10−7–10−6 and |~|/µ ∼ 10−5–10−4. This implies a ratio of |~|2/|~Λ| ∼ 10−3–
10−1.
General formulas for the 1-loop contributions can be found in [258] and adjusted
to the µνSSM with appropriate changes in the index ranges for neutralinos and
scalars. See also reference [331], which provides a complete calculation of the 1-loop
corrections to the neutrino mass matrix. Important contributions to the neutrino
mass matrix are due to b − b˜ and τ − τ˜ loops as in the models with b-/Rp [259]. In
addition there are two new important contributions: (i) loops containing the singlet
scalar and singlet pseudoscalar shown in figure 6.1. As shown in [338, 339, 340],
the sum of both contributions is proportional to the squared mass difference ∆12 =
m2R − m2I ∝ κ2v2R between the singlet scalar and pseudoscalar mass eigenstates.
Note that this splitting can be much larger than the corresponding one for the left
sneutrinos. Thus the sum of both loops can be more important than b − b˜ and
τ − τ˜ loops in the current model. See appendix E for more details. (ii) At loop-level
a direct mixing between the right-handed neutrinos and the gauginos is possible
which is zero at tree-level, see figure 6.2.
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6.3.2 n generations of right-handed neutrinos
In this class of models with n > 1 one can explain the neutrino data using the
tree-level neutrino mass matrix only. In general one finds that the loop corrections
are small if the conditions given at the end of this section are fulfilled.
For the sake of simplicity, let us consider two generations of right-handed neu-














Y isν vRs (6.46)
Λi = µvi + ivd (6.47)
αi = vu(λ2Y
i1
ν − λ1Y i2ν ) . (6.48)
The KΛ and Kα coefficients have complicated dependencies on the parameters of










































































The effective neutrino mass matrix reads as
















(v2u − v2d)(MR1vR1λ2 −MR2vR2λ1) (6.53)
































mγµvdvu −M1M2µ2 . (6.56)
Note that the ~α parameters play the role of the ~ parameters in s-/Rp , see
equation (5.22). Therefore, one can follow an analogous procedure to fit neutrino
data.
The mass matrix in equation (6.51) has two nonzero eigenvalues and therefore
the loop corrections are not needed to explain the experimental data. Two different
options arise:
• ~Λ generates the atmospheric mass scale, ~α the solar mass scale
• ~α generates the atmospheric mass scale, ~Λ the solar mass scale
In both cases one obtains in general a hierarchical spectrum. A strong fine-
tuning would be necessary to generate an inverted hierarchy which is not stable
against small variations of the parameters or radiative corretions. Moreover the
absolute scale of neutrino mass requires both |~Λ|/µ2 and |~α|/µ to be small. For
typical SUSY masses order O(100 GeV) we find in the first case |~Λ|/µ2 ∼ 10−7–
10−6 and |~α|/µ ∼ 10−9–10−8. In the second case we find |~Λ|/µ2 ∼ 10−8–10−7 and
|~α|/µ ∼ 10−8–10−7. The ratios including ~ or ~α are much smaller than those in the







are fulfilled. Note that the mixing of the neutrinos with the higgsinos, given by
the third column in the matrix ξ in equation (6.45), depends not only on αi but
also on i. This leads to 1-loop corrections to the neutrino mass matrix with pieces
proportional to the i parameters, as also happens in the 1 ν̂
c-model. Therefore,
both conditions in equation (6.57) need to be fulfilled. See ref. [331] for more de-
tails on the 1-loop corrected neutrino mass matrix. Finally, in models with more
generations of right-handed neutrinos there will be more freedom due to additional
contributions to the neutrino mass matrix. For example, the case of three genera-
tions is discussed in [328], where the additional freedom is also used to generate an
inverted hierarchy for the neutrino masses.
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6.4 Choice of the parameters and experimental constraints
In the subsequent sections we work out collider signatures for various scenarios. To
facilitate the comparison with existing studies we adopt the following strategy: We
take existing study points and augment them with the additional model parameters
breaking R-parity. These points are SPS1a’ [302], SPS3, SPS4, SPS9 [341] and the
ATLAS SU4 point [303]. SPS1a’ contains a relative light spectrum so that at
LHC a high statistic can be achieved, SPS3 has a somewhat heavier spectrum and
in addition the lightest neutralino and the lighter stau are close in mass which
affects also the R-parity violating decays of the lightest neutralino. SPS4 is chosen
because of the large tanβ value and SPS9 is an AMSB scenario where not only the
lightest neutralino but also the lighter chargino has dominant R-parity violating
decay modes. In all these points the lightest neutralino is so heavy that it can
decay via two-body modes, as long as it’s not a light νc. In contrast for the SU4
point all two-body decay modes (at tree-level) are kinematically forbidden. As the
parameters of these points are given at different scales we use the program SPheno
[301] to evaluate them at Q = mZ where we add the additional model parameters.
Note that we allow µ to depart from their standard SPS values to be consistent
with the LEP bounds on Higgs masses, discussed below.
The additional model parameters are subject to theoretical and experimental
constraints. In [276] the question of color and charge breaking minima, pertur-
bativity up to the GUT scale as well as the questions of tachyonic states for the
neutral scalar and pseudoscalars have been investigated. The last issue has already
been addressed in section 6.2.4 where we derived conditions on the parameters. By
choosing the coupling constants λ, κ < 0.6 in the 1 ν̂c-model and λs, κs < 0.5 in
the 2 ν̂c-model, perturbativity up to the GUT scale is guaranteed [276]. Note, that
choosing somewhat larger values for λ and/or κ up to 1 does not change any of the
results presented below. We also address the question of color and charge breaking
minimas by choosing λs > 0, κs > 0, T
s
λ > 0, T
stu
κ < 0, whereas the Yukawa cou-
plings Y isν can either be positive or negative, but those values are small < O(10−6)
due to constraints from neutrino physics. Our T isν are negative, so the condition
(2.8) of [276] is easy to fulfill.
Concerning experimental data we take the following constraints into account:
• We check that the neutrino data are fulfilled within the 2-σ range given in
Table 3.1 taken from ref. [135] if not stated otherwise. These data can easily
be fitted using the effective neutrino mass matrices given in section 6.3.
• Breaking lepton number implies that flavor violating decays of the leptons like
µ → eγ are possible, where strong experimental bounds exist [44]. However,
in the model under study it turns out that these bounds are automatically
fulfilled once the constraints from neutrino physics are taken into account
similar to the case of models with bilinear R-parity breaking [342].
• Bounds on the masses of the Higgs bosons [343, 44]. For this purpose we have
added the dominant 1-loop correction to the (2,2) entry of the scalar mass
matrix in appendix D. Moreover, we have checked in the 1 νˆc-model with
the help of the program NMHDECAY [327] that in the NMSSM limit the
experimental constraints are fulfilled.
• Constraints on the chargino and charged slepton masses given by the PDG
[44].
• The bounds on squark and gluino masses from TEVATRON [44] are automat-
ically fulfilled by our choices of the study points.
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Fig. 6.3: Masses of the lightest neutralinos χ˜0l and the lightest scalar S
0
1 =
Re(ν˜c)/pseudoscalar P 01 = Im(ν˜
c
1) as a function of Aκ = Tκ/κ for λ = 0.24,
κ = 0.12, µ = 150 GeV and Tλ = 360 GeV for SPS1a’. The different colors refer
to the singlino χ˜01 (blue), the bino χ˜
0
2 (red), the singlet scalar S
0
1 (black) and the
singlet pseudoscalar P 01 (green).
The smallness of the /Rp parameters guarantees that the direct production cross
sections for the SUSY particles are very similar to the correspondingMSSM/NMSSM
values. Note that for low values of λ the singlet states are decoupled from the rest
of the particles, leading to low production rates.
6.5 Phenomenology of the 1 ν̂c model
In this section we discuss the phenomenology of the 1 ν̂c-model, including mass
hierarchies, mixings in the scalar and fermionic sectors, decays of the scalar and
fermionic states and the correlations between certain branching ratios and the neu-
trino mixing angles.
In the following discussion we call a neutralino χ˜0l a bino (singlino) if |Nl+3,1|2 >
0.5 (|Nl+3,5|2 > 0.5). As discussed below, light scalar S0m or pseudoscalar states
P 0m appear, especially in case of the singlino being the lightest neutralino. In the
following we discuss possible mass hierarchies and mixings in more detail.
The diagonal entry of the singlet right-handed neutrino in the mass matrix of the
neutral fermions is MR =
1√
2
κvR, see appendix D. A singlino as lightest neutralino
is obtained by choosing small values for κ and/or vR. Since the masses of the
four MSSM neutralinos are mainly fixed by the chosen SPS point, we can either
generate a bino-like or a singlino-like lightest neutralino by varying κ and/or vR,
where the latter case means a variation of λ due to a fixed µ-parameter. A light
singlet scalar and/or pseudoscalar can be obtained by appropriate choices of Tλ
and Tκ. An example spectrum is shown in figure 6.3. The MSSM parameters have
been chosen according to SPS1a’ except for µ = 150 GeV. The scalar state S02 = h
0
can easily get too light to be consistent with current experimental data, although
the production rate e+e− → ZS02 is lowered, since a mixing with the lighter singlet
scalar S01 = ν˜
c reduces its mass. By reducing µ the mixing can be lowered (see mass
matrices) and this problem can be solved.
Another example spectrum for neutral fermions is shown in figure 6.4. Again
SPS1a’ parameters have been chosen, except µ = 170 GeV. As the figure demon-
strates for this reduced value of µ the states are usually quite mixed, which is
important for their decay properties, as discussed below. Note that the abrupt
change in composition in χ˜03 is due to the level crossing in the mass eigenstates.
The decay properties of the lightest scalars/pseudoscalars are in general quite
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Fig. 6.4: Masses and particle characters of the lightest neutralinos χ˜0l as a function of κ for
λ = 0.24, µ = 170 GeV, Tλ = 360 GeV and Tκ = −κ · 50 GeV for SPS1a’. The
different colors refer to singlino purity |Nl+3,5|2 (blue), bino purity |Nl+3,1|2 (red),
wino purity |Nl+3,2|2 (black) and higgsino purity |Nl+3,3|2 + |Nl+3,4|2 (green).
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Fig. 6.5: Branching ratios Br(S02 = h
0) as a function of m(χ˜01) for the parameter set of
figure 6.4 (variation of κ). The colors indicate the different final states: χ˜01χ˜
0
1









Fig. 6.6: Dominant Feynman graph for the decay χ˜01 → liτν with li = e, µ.
similar to those found in the NMSSM [337, 326]. The lightest doublet Higgs boson
similar to the h0 decays mainly like in the MSSM, apart from the possible final states
2χ˜01 and 2P
0
1 , if kinematically possible. The decay to a pair of light pseudoscalars
has not been studied in this thesis, and the interested reader is referred to earlier
works in the NMSSM [337, 326], where this possibility is addressed with conserved
R-parity. Concerning the decay to a pair of light neutralinos, an example is shown
in figure 6.5, which display the branching ratios of S02 = h
0 versus m(χ˜01). χ˜
0
1 in
this plot is mainly a singlino (see figure 6.4), variation of κ varies its mass, since
vR is kept fixed here. In contrast to the NMSSM this does not lead to an invisible
Higgs, since the neutralinos themselves decay. For the range of parameters where
the decay to 2χ˜01 is large, χ˜
0
1 decays mainly to νbb, leading to the final state 4
b-jets plus missing energy. Note that the S01 which is mainly singlet here decays
dominantly to bb¯ final states, followed by ττ final states.
6.5.1 Decays of a gaugino-like lightest neutralino
We first consider the case of a bino as lightest neutralino. Although m(χ˜01) > mW in
the SPS points we have chosen, two-body decay modes are not necessarily dominant.
The three-body decay χ˜01 → liljν dominated by a virtual τ˜ also can have a sizeable
branching ratio, see Table 6.1 and figure 6.7. The importance of this final state can
be understood from the Feynman graph shown in figure 6.6, giving the dominant
contribution due to H˜−d -li-mixing (li = e, µ).
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Br(χ˜01) SPS1a’ SPS3 SPS4
Wl 23− 80 12− 55 68− 72
liljν 11− 75 2− 31 2.6− 3.9
Zν 2.2− 8.9 5− 28 25− 28
h0ν − 15− 53 < 2.0
Decay length [mm] 1.6− 7.0 0.1− 0.5 1.4− 1.6
Tab. 6.1: Branching ratios (in %) and total decay length in mm of the decay of the lightest
bino-like neutralino for different values of λ ∈ [0.02, 0.5] and κ ∈ [0.1, 0.6] with
a dependence of allowed κ(λ) similar to [276] and to figure 6.7 and Tλ = λ · 1.5
TeV and Tκ = −κ · 100 GeV.
Fig. 6.7: Dependence of allowed κ(λ) for values of λ ∈ [0.02, 0.5] and κ ∈ [0.1, 0.6] and
Br(χ˜01 → liljν) as function of λ and κ exemplary for SPS1a’ with µ = 390 GeV,
Tλ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.
In the case li = τ there’s an additional contribution due to H˜
0
d -ν-mixing. As
figure 6.7 shows there exist parameter combinations in the λ-κ-plane, where the
decay mode χ˜01 → liljν is more important than χ˜01 → Wl. The strong variation
in the branching ratios for SPS1a’ is mainly due to the strong dependence of the
partial decay width of χ˜01 → liljν, where the decays with i = j and i 6= j both play
a role. Other important final states are χ˜01 → Zν and in case of a light scalar with
m(χ˜01) > m(h
0) the decay χ˜01 → h0ν, as demonstrated in Table 6.1.
In the µνSSM one finds correlation between the decays of the lightest neutralino
and the neutrino mixing angles, because neutralino couplings depend on the same
/Rp parameters as the neutrino masses. figure 6.8 shows the correlation between
the branching ratios of the decay χ˜01 →Wl as a function of the atmospheric angle.
Although a clear correlation is visible it is not as pronounced as in the n generation
case, see below and [328], due to inclusion of 1-loop effects in the neutrino masses
and mixing angles.
Also the three-body decay χ˜01 → liljν exemplifies a correlation with neutrino
physics. However, this decay is connected to the solar angle, see figure 6.9. There
are two main contributions to this final state: χ˜01 → Wl → liljν and χ˜01 → τ˜∗l →
liljν. While the former is mainly sensitive to Λi, the latter is dominated by i-type
couplings (see figure 6.6), causing the connection to solar neutrino angle. In case































2 θatm ≡ tan2 θ23 for different SPS scenarios (SPS1a’
(black), SPS3 (red), SPS4 (green)) and for different values of λ ∈ [0.02, 0.5] and
κ ∈ [0.1, 0.6] with a dependence of allowed κ(λ) similar to [276] and to figure 6.7
and Tλ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

















































2 θsol ≡ tan2 θ12 with same set of parameters as
figure 6.8. Bino purity |N41|2 > 0.97. To the left (a) two-body plus three-body
contributions, to the right (b) three-body contributions only. For a discussion
see text.
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Fig. 6.10: Decay branching ratios for bino-like lightest neutralino as a function of κ for
λ ∈ [0.02, 0.5], Tλ = λ · 1.5 TeV, Tκ = −κ · 100 GeV and for MSSM parameters
defined by the study point SU4 of the ATLAS collaboration [303]. The colors
indicate the different final states: liljν (red), lqiqj (black), νqq¯ (blue) and 3ν
(orange).
cuts reducing this contribution. Such a cut can significantly improve the quality of
the correlation.
The SU4 scenario of the ATLAS collaboration [303] has a very light SUSY
spectrum close to the Tevatron bound with a bino-like neutralino m(χ˜01) ≈ 60
GeV. Thus, for SU4 the lightest neutralino has only three-body decay modes. Most
important branching ratios are shown in figure 6.10. The lightness of the bino-like
neutralino χ˜01 in this scenario implies a larger average decay length of (8− 90) cm,
depending on the parameter point in the λ-κ-plane. Note that the decay length
becomes smaller for smaller values of λ, κ. In general the decay length scales as
L ∝ m−4(χ˜01) for m(χ˜01) < mW . Also for this point a correlation between the























































versus tan2 θatm ≡ tan2 θ23 for the SU4 sce-





versus tan2 θsol ≡ tan2 θ12 with same set of parameters as (a). Bino purity
|N41|2 > 0.94.
In addition to the SUGRA scenarios discussed up to now we have also stud-
ied SPS9, which is a typical AMSB point. The most important difference between
this point and the previously discussed cases is the near degeneracy between light-
est neutralino and lightest chargino. This near degeneracy is the reason that the






























2 θatm ≡ tan2 θ23 for the AMSB scenario SPS9
and for different values of λ ∈ [0.02, 0.5], κ ∈ [0.1, 0.6], Tλ = λ · 1.5 TeV and
Tκ = −κ · 100 GeV.
find a total decay length of (0.12 − 0.16)mm with Br(χ˜±1 → Wν) = (42 − 57)%,
Br(χ˜±1 → Zl) = (20 − 26)% and Br(χ˜±1 → h0l) = (17 − 40)%. This is especially
interesting since, similar to Wl in case of the gaugino-like lightest neutralino, the
decay to Zl of the chargino is linked to the atmospheric angle, see figure 6.12.
6.5.2 Decays of a singlino-like lightest neutralino
We now turn to the case of a singlino-like LSP. As already explained, this scenario is
connected to a light singlet scalar and pseudoscalar. Recall, that the particles in the
fermionic sector are mixed for λ, κ = O(10−1) due to the reduced µ-parameter as
can be seen in figure 6.4. We will first discuss the average decay length of the lightest
neutralino χ˜01. Figure 6.13 shows the average decay length in meter for different SPS
scenarios as a function of the mass of the lightest neutralino m(χ˜01). Composition
of the neutralino is indicated by color code, as given in the caption. λ, κ, Tκ and µ
are varied in this plot. Note that by variation of Tκ the parameter points in figure
6.13 are chosen in such a way, that all scalar and pseudoscalar states are heavier
than the lightest neutralino. Singlino purity in this plot increases with decreasing
mass and for pure singlinos the decay length is mainly determined by its mass and
the experimentally determined neutrino masses. For neutralino masses below about
50 GeV decay lengths become larger than 1 meter, implying that a large fraction
of neutralinos will decay outside typical collider detectors. Note that if one allows
for lighter scalar states so that at least one of the decays χ˜01 → S01(P 01 )ν appears,
the average decay length can be easily reduced by several orders of magnitude.
Again typical decays are Wl, lqiqj , Zν, νqq, liljν and the invisible decay to 3ν.
For the region ofm(χ˜01) below theW threshold see figure 6.14. The dominance of νbb
for smaller values of m(χ˜01) is due to the decay chain χ˜
0
1 → S01ν → νbb, whereas for




1). Final state ratios show correlations
with neutrino physics also in this case. As an example we show liljν branching
ratios versus the solar neutrino mixing angle in figure 6.15. Singlino purity for this
plot |N45|2 ∈ [0.75, 0.83] and mass m(χ˜01) ∈ [22, 53] GeV. The absolute values for
the branching ratios are comparable to those of the described SU4 scenario with a
bino-like lightest neutralino. We note that for the parameters in figure 6.15 the light
Higgs S02 = h
0 decays to χ˜01χ˜
0
1 with a branching ratio of Br(S
0
2 = h
0 → χ˜01χ˜01) =
(21− 91)%.
Up to now we have considered values of λ and κ larger than 10−2. For very
small values of these couplings, the singlet sector, although very light, effectively
decouples. This implies that R-parity conserving decays of χ˜02, e.g. decays to final
6. µνSSM 100






















Fig. 6.13: Decay length of the lightest neutralino χ˜01 in m as a function of its mass m(χ˜
0
1)
in GeV for different values of λ ∈ [0.2, 0.5], κ ∈ [0.025, 0.2] and µ ∈ [110, 170]
GeV with a dependence of allowed κ(λ) similar to [276] and to figure 6.7 and
Tλ = λ · 1.5 TeV, whereas Tκ ∈ [−20,−0.05] GeV is chosen in such a way,
that no lighter scalar or pseudoscalar states with {m(S01),m(P 01 )} < m(χ˜01)
appear. Note that the different colors stand for SPS1a’ (real singlino, |N45|2 >
0.5) (gray), SPS1a’ (mixture state) (black), SPS3 (real singlino) (blue), SPS3
(mixture state) (red) and SPS4 (mixture state) (green).

















Fig. 6.14: Singlino decay branching ratios as a function of its mass, for the same parameter
choices as in figure 6.5. The colors indicate the different final states: νbb¯ (blue),
liljν (red), lqiqj (black), 3ν (orange) and νqq¯ (q 6= b, green).


























2 θsol ≡ tan2 θ12 for the SPS1a’ scenario and λ ∈











+l− or χ˜01qq, are strongly suppressed and the /Rp decay
modes dominate, implying decays with correlations as in the case of the explicit
b-/Rp .
6.6 Phenomenology of the n ν̂c model
In the previous section the phenomenology for the one generation case of the model
has been worked out in detail. Most of the signals discussed so far are independent
of the number of right-handed neutrinos. However, the n generation variants also
offer some additional phenomenology, which we discuss here for the simplified case
of n = 2.
In the µνSSM with one right-handed neutrino superfield a light singlino will
always imply a light scalar/pseudoscalar. This connection between the neutral
fermion sector and scalar/pseudoscalar sector is a well-known property of the NMSSM
(see again [336, 337]). In the µνSSM with more than one generation of singlets,
the off-diagonal Tκ terms in equation (6.4) induce mixing between the different
generations of singlet scalars and pseudoscalars. This opens up the possibility, not
considered in previous publications [198, 276, 328], to have the singlet scalars con-
siderably heavier than the singlet fermions.
Let us illustrate this feature with a simple example. Imagine a light singlino
νc1, and a heavy singlino ν
c
2, in a model with non-zero trilinear couplings T
112
κ . In
that case, the contributions to the mass of the ν˜c1, scalar or pseudoscalar, coming
from the large value of vR2 are proportional to T
112
κ . Without these contributions
the mass of ν˜c1 would only depend on the small vR1, thus making it light like
the singlino of the same generation. With non-zero T 112κ the mass of both ν˜
c
s are
dominated by the larger of the vRs. This feature is demonstrated in figure 6.16. In
the two plots the lightest neutralino is mostly νc1, with a mass of ∼ 50 GeV. These
plots show the dependence of the masses of the singlet scalar states Re(ν˜c1) and




2) with vR2 for
different values of T 112κ = T
122
κ . The masses of the light Higgs boson h
0 and the
lightest left-handed sneutrino Im(ν˜1) are also shown for reference. Note that for
T 112κ = T
122
κ = 0 the mass of the state Re(ν˜
c
1) does not depend on vR2, whereas for
T 112κ = T
122
κ = −2 GeV the lightest singlet scalar becomes heavier for larger values
of vR2. The same feature is present in the pseudoscalar sector, where the effect is
even more pronounced.
6.6.1 Correlations with neutrino mixing angles in the n ν̂c-model
The connection between decays and neutrino angles is not a particular property
of the 1 ν̂c-model and is also present in a general n ν̂c-model. However, since the
structure of the approximate couplings χ˜01 −W± − l∓i is different, see appendix F,
we encounter additional features for n = 2.
As explained in section 6.3.2, we have now two possibilities to fit neutrino data.
If the dominant contribution to the neutrino mass matrix comes from the ΛiΛj
term in equation (6.51) one can link it to the atmospheric mass scale, using the
αiαj term to fit the solar mass scale. This case will be called option fit1. On the
other hand, if the dominant contribution is given by the αiαj term one has the
opposite situation, where the atmospheric scale is fitted by the αi parameters and
the solar scale is fitted by the Λi parameters. This case will be called option fit2.
For the case of a bino-like lightest neutralino one can show that the coupling is
proportional to Λi whereas for the case of a singlino-like lightest neutralino the de-
pendence is on αi, as shown in appendix F. Figure 6.17 shows the ratio
Br(χ˜01→Wµ)
Br(χ˜01→Wτ)
versus tan2(θ23) (left) and
Br(χ˜01→We)√
Br(χ˜01→Wµ)2+Br(χ˜01→Wτ)2
versus sin2(θ13) (right) for a
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Fig. 6.16: Masses of the scalar states Re(ν˜c1) (green), Re(ν˜
c
2) (red) and h
0 (blue) and the
pseudoscalar states Im(ν˜c1) (dashed green), Im(ν˜
c
2) (dashed red) and Im(ν˜1)




κ . To the
left (a) T 112κ = T
122




κ = −2 GeV.
The MSSM parameters have been taken such that the standard SPS1a’ point is
reproduced. The light singlet parameters κ1 = 0.16 and vR1 = 500 GeV ensure
that in all points the lightest neutralino is mostly νc1 , with a mass of 47 − 48
GeV. In addition, T 1λ = 300 GeV and T
2
































































versus sin2 θR ≡ sin2 θ13 for a bino LSP. Bino





































versus tan2 θsol ≡ tan2 θ12 for a bino LSP.






































versus tan2 θsol ≡ tan2 θ12 for a singlino LSP.
































































versus sin2 θR ≡ sin2 θ13 for a singlino LSP.
Singlino purity |N45|2 > 0.9. Neutrino data is fitted using option fit2.




from sin2(θ13) is more pronounced than in the
1 νˆc-model, because we fit neutrino data with tree-level physics only. Recall that
this implies that the ratio |~|2/|~Λ| is much smaller than in the plots shown in the
previous section. A correlation between
Br(χ˜01→We)√
Br(χ˜01→Wµ)2+Br(χ˜01→Wτ)2
and tan2 θ12 is
found instead, if neutrino data is fitted with option fit2, as figure 6.18 shows.
For the case of a singlino LSP the correlations and types of fit to neutrino data
are swapped with respect to the gaugino case. Since the couplings χ˜01 −W± − l∓i
are mainly proportional to αi, instead of Λi, a scenario with a singlino LSP and
option fit1 (fit2) will be similar to bino LSP and option fit2 (fit1). This similarity is
demonstrated in figures 6.19 and 6.20. To decide which case is realized in nature, one
would need to determine the particle character of the lightest neutralino. This might
be difficult at the LHC, but could be determined by a cross section measurement
at the ILC. We want to note, that in the 2 ν̂c-model we cannot reproduce all
correlations for a singlino LSP presented for the 3 ν̂c-model in [328].
The results shown so far in this section were all calculated for the SPS1a’ sce-
nario. We have checked explicitly that for all the other standard points results
remain unchanged. We have also checked that for a LSP with a mass below mW
the three-body decays χ˜01 → lqiq¯j , mediated by virtual W bosons, show the same
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Fig. 6.21: Decay length of the lightest neutralino and its dependence on the type of fit
to neutrino data. To the left (a) the decay length of the lightest neutralino
versus m(χ˜01) for the case fit1 (red) and the case fit2 (blue). To the right (b)
the ratio L(fit1)/L(fit2) versus m(χ˜01). The MSSM parameters have been taken
such that the standard SPS1a’ point is reproduced. The light singlet parameter
κ is varied in the range κ ∈ [0.01, 0.1]. In all the points the lightest neutralino
has a singlino purity higher than 0.99.
correlations.
A final comment is in order. In a n ν̂c-model with n > 2, the effective neutrino
mass matrix will have additional terms with respect to (6.51), due to the contribu-
tions coming from the new right-handed neutrinos. For this richer structure there is
one additional contribution to mννeff , which could be sub-dominant. Therefore, one
can imagine a scenario in which a third generation of singlets produces a negligible
contribution to neutrino masses while the corresponding singlino, νc3, is the LSP. In
such a scenario the correlations between the νc3 LSP decays and the neutrino mixing
angles will be lost.
6.6.2 χ˜01 decay length and type of fit
As already discussed we have two different possiblities to fit neutrino data: ~Λ gen-
erates the atmospheric mass scale and ~α the solar mass scale (case fit1), or vice
versa (case fit2). It turns out that the decay length of the lightest neutralino is
sensitive to the type of fit, due to the proportionality between its couplings with
gauge bosons and the /Rp parameters (see appendix F for exact and approximated
formulas of the couplings χ˜01 −W± − l∓i and their simplified expressions in parti-
cular limits). For example, a singlino-like neutralino couples to the gauge bosons
proportionally to the αi parameters. This implies that its decay length will follow





' 6 . (6.58)
In figure 6.21 the decay length of the lightest neutralino and its dependence on
the type of fit to neutrino data is shown. Once mass and length are known this
dependence can be used to determine which parameters generate which mass scale.
Note that this feature is essentially independent of the MSSM parameters. However,
this property is lost if either the lightest neutralino has a sizeable gaugino/higgsino
component or if there are singlet scalars/pseudoscalars lighter than the singlino.
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Fig. 6.22: Branching ratios Br(χ˜03 = B˜
0 → χ˜01) (red) and Br(χ˜03 = B˜0 → χ˜02) (blue) as
a function of the mass of the lightest neutralino for the scenario considered in
section 6.6.3. The MSSM parameters have been taken such that the standard
SPS1a’ point is reproduced, whereas the singlet parameters are chosen randomly
in the ranges vR1, vR2 ∈ [400, 600] GeV, λ1, λ2 ∈ [0.0, 0.4], T 111κ = T 222κ ∈
[−15,−1] GeV, T 112κ = T 122κ ∈ [−1.5,−0.005] GeV and T 1λ , T 2λ ∈ [0, 600] GeV.
κ1 = κ2 = 0.16 is fixed to ensure the lightness of the two singlinos.
6.6.3 Several light singlets
In scenarios with two (or more) light singlets, the phenomenology has additional
features. The light Higgs boson h0 can decay with measurable branching ratios
to pairs of right-handed neutrinos of different generations. Similarly, the bino can
decay to the different light right-handed neutrinos.
In the following, the case of two light singlinos and two light scalars/pseudo-
scalars will be considered. For the neutral fermion sector this implies that the mass
eigenstates χ˜01 and χ˜
0




2 and the bino will be





which are consistent with the LEP bounds. Finally, the state S03 will be the light
doublet Higgs boson h0. One can also have light singlet pseudoscalars.
The decays of a bino-like χ˜03 can be very important to distinguish between the
one generation model and models with more than one generation of singlets. In
principle, the most important decay channels strongly depend on the couplings of
the bino to the two generations of singlinos and the configuration of masses of singli-
nos and scalars. Therefore, a general list of signals cannot be given. Nevertheless,
there are some features which are always present:
When kinematically allowed, the decays χ˜03 → χ˜01,2 S01(P 01 ) dominate, with the
sum of the branching ratios typically larger than 50 %. The relative importance of
the different channels is mainly dictated by kinematics. This feature is illustrated
in figure 6.22, where these two quantities are shown as a function of the mass
of the lighest neutralino. The MSSM parameters are fixed to the standard point
SPS1a’, with light singlet parameters taken randomly. One can see that the relative
importance of each singlino cannot be predicted in general, but both branching
ratios are at least of order 10−3 − 10−4, given enough statistics. For very light
singlinos two-body decays including scalars and pseudoscalars are open, and thus
both Br(χ˜03 → χ˜01) and Br(χ˜03 → χ˜02) are close to 50%, as expected if the values
of the singlet parameters are of the same order for the two light generations. On
the other hand, if the mass of the lightest neutralino is increased some of the two-
body decays are kinematically forbidden, specially those of the χ˜02, which has to
be produced through three-body decays, leading to a suppresion in Br(χ˜03 → χ˜02).
Note that it is also possible to find points where the decay mode χ˜03 → χ˜01,2 S02(P 02 )
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Fig. 6.23: Higgs boson decays as a function of the mass of the lightest neutralino for
the scenario considered in section 6.6.3. To the left (a) the standard decay
channel h0 → bb¯, whereas to the right (b) the exotic decays to pairs of singlinos
h0 → χ˜01χ˜01 (red), h0 → χ˜01χ˜02 (blue) and h0 → χ˜02χ˜02 (black). The parameters
are chosen as in figure 6.22.
has a branching ratio about 10%-20%, giving additional information.
The other possible signals are the usual bino decays of the NMSSM. Final states
with standard model particles, like χ˜01,2l
+l− or χ˜01,2qq¯, become very important when
the decays to scalars and pseudoscalars are kinematically forbidden.
In addition, the decays of the light Higgs boson h0 can also play a very important
role in the study of the different generations, provided it can decay to final states
including χ˜01 or χ˜
0
2. In this case typically the standard Higgs boson decays are
reduced to less than 40%, completely changing the usual search strategies.
In figure 6.23 the branching ratios of standard and exotic Higgs boson decay
channels are shown. The left plot shows the suppressed branching ratio of the
standard bb¯ channel. The main decay channel is χ˜01 χ˜
0
1, but there is a sizeable
branching ratio to χ˜01 χ˜
0
2. Note that χ˜
0
2 decays dominantly to χ˜
0
1 plus two SM
fermions. This feature allows us to distinguish between the 1 ν̂c-model and models
with more than one generation of singlets. Finally, the branching ratio to χ˜02 χ˜
0
2 is
small due to kinematics, but leads to interesting final states with up to eight b-jets
plus missing energy.
A final comment is in order. In these kind of scenarios with many light singlets
χ˜01 decays to νbb¯ can be dominant. This will reduce the available statistics in the
interesting liljν and lqiqj channels. Moreover, the correlations are less pronounced
due to mixing effects in the singlet sector.
6.7 Summary
The phenomenology of the µνSSM has been studied in this chapter. This proposal
solves at the same time the µ-problem of the MSSM and generates small neutrino
masses, consistent with data from neutrino oscillation experiments. Neutrino data
put very stringent constraints on the parameter space of the model. Both the left-
sneutrino vacuum expectation values and the effective bilinear parameters have to
be small compared to MSSM soft SUSY breaking parameters. As a result all SUSY
production cross sections and all decay chains are very similar to the NMSSM, the
only, but phenomenologically very important, exceptions being the decay of the LSP
and NLSP (the latter only in some parts of the parameter space) plus the decays
of the lightest Higgses.
We have discussed in some details two variants of the model. In the simplest
version with only one generation of singlets 1-loop corrections to the neutralino-
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neutrino mass matrix need to be carefully calculated in order to explain neutrino
data correctly. The advantage of this minimal scheme is that effectively it contains
only six new (combinations of) /Rp parameters, which can be fixed to a large extent
by the requirement that oscillation data is correctly explained. This feature of the
model is very similar to explicit bilinear R-parity breaking, although, as we have
discussed, the relative importance of the different 1-loop contributions is different
in the µνSSM and in bilinear /Rp . Certain ratios of decay branching ratios depend
on the same parameter combinations as neutrino angles and are therefore predicted
from neutrino physics, to a large extent independent of NMSSM parameters. We
have also calculated the decay length of the LSP, which depends mostly on the LSP
mass and the (experimentally determined) neutrino masses. Lengths sufficiently
large to observe displaced vertices are predicted over most parts of the parameter
space. However, for neutralinos lighter than approximately 30 GeV, decay lengths
become larger than 10 meters, making the observation of /Rp difficult for LHC ex-
periments. However, if there is a singlet scalar or pseudoscalar with a mass smaller
than the lightest neutralino, χ˜01 → S0m(P 0m)ν is the dominant decay mode and the
corresponding decay lengths become much smaller, such that the displaced vertex
signature of /Rp might even be lost in some points of this part of parameter space.
On the other hand, in case the mass of the lightest scalar is larger than twice the
singlino mass, the decay S0m → 2χ˜01 becomes important, both for S0m ∼ ν˜c and
S0m ∼ h0. If this kinematical situation is realized also the Higgs search at the LHC
will definitely be affected.
The more involved n generation variants of the µνSSM can explain all neutrino
data at tree-level and therefore are calculationally simpler. Depending on the nature
of the neutralino, neutralino LSP decays show different correlations with either solar
or atmospheric neutrino angles. This is guaranteed in the two generation version
of the model and likely, but not always true, for n generations. If the NMSSM
coupling λ is sufficiently small also the NLSP has decays to /Rp final states with
potentially measurable branching ratios. In this part of parameter space it seems
possible, in principle, to test both solar and atmospheric neutrino angles. If only
the singlino(s) are light, i.e. the singlet scalars are heavier than, say, the h0, the
decay length of the singlino is very sharply predicted as a function of its mass
and either the solar or atmospheric neutrino mass scale. If both, singlinos and
singlet scalars (or pseudoscalars) are light, bino NLSP and h0 will decay not only
to the lightest singlinos/singlets but also to next-to-lightest states. This leads to
enhanced multiplicities in the final states and the possibility to observe multiple
displaced vertices.
In conclusion, the µνSSM offers a very rich phenomenology. Especially scenarios
with light singlets deserve further, much more detailed studies.
7. COMPARISON BETWEEN R-PARITY BREAKING SCHEMES
We now briefly discuss possible differences in collider phenomenology of R-parity
breaking schemes. Different models of R-parity breaking appear clearly distinct at
the Lagrangian level. However, at accelerator experiments it can be very hard to
distinguish the different proposals. This can be easily understood from the fact that
for a heavy singlet sector all /Rpmodels approach necessarily the MSSM with explicit
R-parity breaking terms. It is therefore an interesting question to ask, what - if any
- kind of signals could exist, which at least might hint at which model is the correct
description of /Rp . Given the large variety of possibilities and the very limited
predictive power of the most general cases, any discussion before the discovery of
SUSY must be rather qualitative.
First one should mention that not all /Rp models explaining neutrino data show
correlations between LSP decay branching ratios and neutrino angles. Especially
the large number of free parameters in trilinear models exclude the possibility to
make any definite predictions. /Rp models which do show such correlations, on
the other hand, lead usually to very similar predictions for the corresponding LSP
decays. For example, fitting the atmospheric data with tree-level /Rp terms, a bino
LSP in explicit bilinear models and in the µνSSM decay with the same ratio of
branching ratios into Wl (or lqiq¯j) final states. Thus, to distinguish the different
proposals other signals are needed.
We will briefly discuss the main differences in collider phenomenology between
the following three proposals: (i) MSSM with explicit bilinear terms; (ii) Sponta-
neous /Rp model and (iii) µνSSM. Table 7.1 shows a brief summary of this compar-
ison. Differences occur in (a) the observability of a displaced vertex of the lightest
neutralino decay; (b) the upper limit on the branching ratio of the lightest neu-
tralino decaying completely invisible and (c) standard versus non-standard lightest
Higgs decays.
The decay length of the lightest neutralino is fixed in both, the b-/Rpmodel and
the µνSSM, essentially by the mass of the lightest neutralino and the experimentally
determined neutrino masses. For m(χ˜01) larger than the W-mass decay lengths
are typically of the order of O(mm) and proportional to m−1(χ˜01). For lighter
neutralinos, larger decay lengths are expected, see figures 6.13 and 6.21, which
scale like m−4(χ˜01). Shorter decay lengths are not possible in b-/Rp and possible in
the µνSSM only if at least one (singlet) scalar or pseudoscalar is lighter than χ˜01,
when χ˜01 → S0m(P 0m)ν dominates. Since in the µνSSM the singlet scalars decay with
a short decay length to b¯b, one expects that in the µνSSM short χ˜01 decay lengths
correlate with the dominance of b¯b + missing energy final states. In the s-/Rp , on
the other hand, the χ˜01 decay length can be shorter than in the b-/Rp , due to the
new final state χ˜01 → J + ν, where J is the Majoron. Therefore, different from
the µνSSM, the neutralino decay length in the s-/Rp model anti-correlates with the
branching ratio for the invisible neutralino decay.
Finally, in the b-/Rp one expects that the decay properties of the lightest Higgs
(h0) are equal to the MSSM expectations, the only exception being the case when
h0 → 2χ˜01 is possible kinematically, in which the χ˜01 decays themselves can then lead
to a non-standard signal in the Higgs sector. This is different in s-/Rp , where for
a low-scale of spontaneous R-parity breaking, the h0 can decay to two Majorons,
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Displaced
vertex
Comment Br(invisible) Higgs decays










≤ 10 % non-standard
Tab. 7.1: Comparison of displaced vertex signals, completely invisible final state branch-
ing ratios for LSP decays and lightest Higgs decays for three different R-parity
violating models. For a discussion see text.
i.e. large branching ratios of Higgs to invisible particles are possible. In the µνSSM
the h0 decays can be non-standard, if the lightest singlino is lighter than m(h0)/2.
However, since the singlinos decay, this will not lead to an invisible Higgs, unless
the mass of the singlino is so small, that the decays occur outside the detector.
To summarize this brief discussion, b-/Rp , s-/Rp and µνSSM can, in principle,
be distinguished experimentally if the singlets are light enough to be observed in
case of s-/Rp and µνSSM. We note in passing that we have not found any striking
differences in collider phenomenology of the µνSSM and the NMSSM with explicit
bilinear terms.
8. LEPTON FLAVOR VIOLATION IN SUSY LEFT-RIGHT
MODELS
Left-right symmetric models are well motivated extensions of the SM. Apart from
their original motivation, the restoration of parity at high energies, they have very
interesting properties. In particular, their particle spectra contain right-handed
neutrinos and thus they can accommodate a seesaw mechanism, generating neutrino
masses quite naturally. Moreover, in the case of supersymmetry, and due to the
inclusion of U(1)B−L in the left-right gauge group, the low energy theory potentially
conserves R-parity. In this chapter the phenomenology of a SUSY left-right model
is studied, with emphasis on lepton flavor violation at low energy experiments and
colliders. The main novelty with respect to minimal seesaw models is the presence
of signatures in the right slepton sector. These provide a clear hint of the underlying
left-right symmetry of the model.
8.1 Introduction
The most popular explanation for the observed smallness of neutrino masses is cer-
tainly the seesaw mechanism [174, 177, 134, 179]. Literally hundreds of theoretical
papers based on “the seesaw” have been published since the discovery of neutrino
oscillations [131]. Unfortunately, attractive as this idea might appear from the the-
oretical point of view, “the seesaw” will never be directly tested due to the high
scales involved1.
This situation might change slightly, if supersymmetry (SUSY) is found at the
LHC, essentially because scalar leptons provide potentially additional information
about seesaw parameters. Assuming SUSY gets broken at a high energy scale, the
seesaw parameters leave their imprint on the soft parameters in the RGE running.
Then, at least in principle, indirect tests of the seesaw become possible. Indeed,
this has been pointed out already in [344], where it was shown that lepton flavor
violating (LFV) off-diagonal mass terms for sleptons are automatically generated in
seesaw (type-I), even if SUSY breaking is completely flavor blind at the GUT scale
as in minimal supergravity.
Motivated by the above arguments, many authors have then studied LFV in
SUSY models. For the seesaw type-I, low energy LFV decays such as li → ljγ and
li → 3lj have been calculated in [345, 346, 347, 348, 349, 350, 351, 352, 353, 272]; µ−
e conversion in nuclei has been studied in [354, 355]. The type-II seesaw has received
much less attention, although it has actually fewer free parameters than type-I. The
latter implies that ratios of LFV decays of leptons can actually be predicted as a
function of neutrino angles in mSUGRA, as has been shown in [190, 356]. Finally,
for completeness we mention that LFV in SUSY seesaw type-III has been studied
in [357].
Measurements at colliders, once SUSY is discovered, can provide additional in-
formation. LFV decays of left sleptons within mSUGRA have been studied for
type-I in [358] and for type-II in [356, 359]. Precise mass measurements might also
show indirect effects of the seesaw [360, 361, 362]. Most prominently, type-II and
1 Of course, we are referring here to the usual high energy realizations of the seesaw mechanism.
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type-III seesaw contain non-singlet superfields, so gauge couplings run differently
from pure MSSM. One then expects that sparticle spectra show a characteristic
“deformation” with respect to mSUGRA predictions. From different combinations
of masses one can form “invariants”, i.e. numbers which to leading order depend
only on the seesaw scale [363], although there are important corrections at 2-loop
[356, 357], which have to be included before any quantitative analysis can be done.
Experimentally interesting is also that at the LHC the mass splitting between se-
lectrons and smuons may be constrained down to O(10−4) for 30 fb−1 of integrated
luminosity [364]. In mSUGRA, one expects this splitting to be unmeasurably tiny,
whereas in mSUGRA plus seesaw significantly different masses can be generated,
as has been shown for type-I in [365].
Interestingly, in pure seesaw models with flavor blind SUSY boundary conditions
all of the effects discussed above show up only in the left slepton sector. Naturally
one expects that in a supersymmetric model with an intermediate left-right sym-
metric stage, also the right sleptons should contain some indirect information about
the high energy parameters. This simple observation forms the main motivation for
the current investigation [366]. Before entering in the details of our calculation, let
us first briefly discuss left-right symmetric models.
8.1.1 Left-right symmetric models
Quite a large number of different left-right (LR) symmetric models have been dis-
cussed in the literature. Originally LR models were introduced to explain the
observed left-handedness of the weak interaction as a consequence of symmetry
breaking [367, 368, 369]. However, LR models offer other advantages as well. First,
the particle content of LR models contains automatically the right-handed neutrino
and thus the ingredients for generating a (type-I) seesaw mechanism 2. Second, the
gauge group SU(3)c × SU(2)L × SU(2)R × U(1)B−L is one of the possible chains
through which SO(10) [370, 371] can be broken to the standard model gauge group.
In addition, it has been shown that they provide technical solutions to the SUSY CP
and strong CP problems [372] and they give an understanding of the U(1) charges
of the standard model fermions. Interesting only for the supersymmetric versions of
LR models, (B-L) is gauged and thus, potentially, the low energy theory conserves
R-parity [242, 236].
This last argument requires possibly some elaboration. R-parity, defined as
RP = (−1)3(B−L)+2s (where B and L stand for baryon and lepton numbers and s
for the spin of the particle), is imposed in the MSSM to avoid dangerous baryon
and lepton number violating operators. However, the origin of RP is not explained
within the MSSM. In early LR models SU(2)R doublets were used to break the
gauge symmetry. The non-supersymmetric model proposed in references [368, 369]
introduced two additional scalar doublets χL and χR, where χL ≡ χL(1, 2, 1, 1) and
χR ≡ χR(1, 1, 2,−1) under SU(3)c × SU(2)L × SU(2)R ×U(1)B−L. Parity conser-
vation implies that both, χL and χR, are needed. When the neutral component of
χR gets a VEV, 〈χ0R〉 6= 0, the gauge symmetry is broken down to the SM gauge
group. However, χR is odd under U(1)B−L and thus, in the SUSY versions of this
setup, RP is broken at the same time
3. A possible solution to this problem is to
break the gauge symmetry by SU(2)R fields with even charge under U(1)B−L, i.e.
by triplets. For a SUSY LR model, this was in fact proposed in reference [373],
where four triplets were added to the MSSM spectrum: ∆(1, 3, 1, 2), ∆c(1, 1, 3,−2),
∆¯(1, 3, 1,−2) and ∆¯c(1, 1, 3, 2). Breaking the symmetry by the VEV of ∆c produces
at the same time a right-handed neutrino mass via the operator Lc∆cLc, leading
2 Breaking the LR symmetry with triplets can generate also a type-II [177].
3 This could be solved by imposing additional discrete symmetries on the model that forbid the
dangerous /Rp operators [202], but this cannot be regarded as automatic R-parity conservation.
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to a type-I seesaw mechanism. Depending on whether or not ∆ gets a VEV, also a
type-II seesaw can be generated [189].
However, whether R-parity is conserved in this setup is not clear. The reason is
that the minimum of the potential might prefer a solution in which also the right-
handed scalar neutrino gets a vev, thus breaking RP , as has been claimed to be the
case in [374]. Later [375] calculated some 1-loop corrections to the scalar poten-
tial, concluding that RP conserving minima can be found. However, this contra-
dicts the earlier claim [374] that 1-loop corrections can not eliminate the dangerous
/Rp minima. On the other hand, as first noted in [376] and later showed by Aulakh
and collaborators [377, 378], by the addition of two more triplets, Ω(1, 3, 1, 0) and
Ωc(1, 1, 3, 0), with zero lepton number one can achieve LR breaking with conserved
RP guaranteed already at tree-level. Lacking a general proof that the model [373]
conserves RP we will follow [377, 378] as the setup for our numerical calculations.
Finally, for completeness we mention the existence of left-right models with
R-parity violation. For example, if the left-right symmetry is broken with the
VEVs of right-handed sneutrinos R-parity gets broken as well and the resulting
phenomenology is totally different, as shown in [379, 380].
Compared to the long list of papers about indirect tests of the seesaw, surpris-
ingly little work on the “low-energy” phenomenology of SUSY LR models has been
done. One loop RGEs for two left-right SUSY models have been calculated in [381].
These two models are (with one additional singlet): (a) breaking LR by doublets a
la [368, 369] and (b) by triplets following [373], but no numerical work at all was
done in this paper. The possibility that right sleptons might have flavor violating
decays in the left-right symmetric SUSY model of [373] was mentioned in [382]. A
systematic study of all the possible signals discussed above for the seesaw case is
lacking and to our knowledge there is no publication of any calculation of these
signals for the model of [377, 378]. (For completeness we would like to mention that
in GUTs based on SU(5) one can have the situation the LFV occurs only in the
right slepton sector, as pointed out in [383]. However, this model [383] is in a dif-
ferent class from all the models discussed above, since it does not contain non-zero
neutrino masses.)
The rest of this paper is organized as follows. In the next section we define the
model [377, 378] and discuss its particle content and main features at each symmetry
breaking scale. We have calculated the RGEs for each step complete at the 2-
loop level following the general description by [384] using the Mathematica package
SARAH [385, 386, 387]. A summary is given in the appendix, the complete set of
equations and the SARAH model files can be found at [388]. Neutrino masses can be
fitted to experimental data via a type-I seesaw mechanism and we discuss different
ways to implement the fit. We then turn to the numerical results. The output
of SARAH has been passed to the program package SPheno [301] for numerical
evaluation. We calculate the SUSY spectra and LFV slepton decays, such as τ˜L/R →
µχ˜01 and τ˜L/R → eχ˜01 and χ˜02 → eµχ˜01, as well as low-energy decays li → ljγ for
some sample points as a function of the LR and (B-L) scales. Potentially measurable
signals are found in both, left and right slepton sectors, if (a) the seesaw scale is
above (very roughly) 1013 GeV and (b) if the scale of LR breaking is significantly
below the GUT scale. Since we find sizeable LFV soft masses in both slepton sectors,
also the polarization in µ → eγ is different from the pure seesaw expectation. We
then close with a short summary.
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Superfield generations SU(3)c SU(2)L SU(2)R U(1)B−L
Q 3 3 2 1 13
Qc 3 3¯ 1 2 − 13
L 3 1 2 1 -1
Lc 3 1 1 2 1
Φ 2 1 2 2 0
∆ 1 1 3 1 2
∆¯ 1 1 3 1 -2
∆c 1 1 1 3 -2
∆¯c 1 1 1 3 2
Ω 1 1 3 1 0
Ωc 1 1 1 3 0
Tab. 8.1: Matter content between the GUT scale and the SU(2)R breaking scale.
8.2 The model
In this section we define the model, its particle content and give a description of the
different symmetry breaking steps. The fit to neutrino masses and its connection
to LFV violation in the slepton sector is discussed in some detail, to prepare for
the numerical results given in the next section. We summarize briefly the free
parameters of the theory.
The model essentially follows [377, 378]. We have not attempted to find a
GUT completion. We will, however, assume that gauge couplings and soft SUSY
parameters can be unified, i.e. implicitly assume that such a GUT model can indeed
be constructed.
8.2.1 Step 1: From GUT scale to SU(2)R breaking scale
Just below the GUT scale the gauge group of the model is SU(3)c × SU(2)L ×
SU(2)R × U(1)B−L. In addition it is assumed that parity is conserved, see below.
The matter content of the model is given in table 8.1. Here Q, Qc, L and Lc are the
quark and lepton superfields of the MSSM with the addition of (three) right-handed
neutrino(s) νc.
Two Φ superfields, bidoublets under SU(2)L × SU(2)R, are introduced. They
contain the standard Hd and Hu MSSM Higgs doublets. In this model, two copies
are needed for a non-trivial CKM matrix. Although there are known attempts to
build a realistic LR model with only one bidoublet generating the quark mixing
angles at the loop level [389], we will not rely on such a mechanism. Finally, the
rest of the superfields in table 8.1 are introduced to break the LR symmetry, as
explained above.
Table 8.1 shows also the gauge charges for the matter content in the model. In
particular, the last column shows the B−L value for the different superfields. How-
ever, the following definition for the electric charge operator will be used throughout
this paper




and thus the U(1)B−L charge is actually B−L2 .
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With the representations in table 8.1, the most general superpotential compat-
ible with the gauge symmetry and parity is
W = YQQΦQc + YLLΦLc − µ
2
ΦΦ + fL∆L+ f∗Lc∆cLc








Note that this superpotential is invariant under the parity transformations Q ↔
(Qc)∗, L ↔ (Lc)∗, Φ ↔ Φ†, ∆ ↔ (∆c)∗, ∆¯ ↔ (∆¯c)∗, Ω ↔ (Ωc)∗. This discrete
symmetry fixes, for example, the Lc∆cLc coupling to be f∗, the complex conjugate
of the L∆L coupling, thus reducing the number of free parameters of the model.
Family and gauge indices have been omitted in eq. (8.2), more detailed expres-
sions can be found in [377]. YQ and YL are quark and lepton Yukawa couplings.
However, with two bidoublets there are two copies of them, and thus there are four
3×3 Yukawa matrices. Conservation of parity implies that they must be hermitian.
µ is a 2× 2 symmetric matrix, whose entries have dimensions of mass, f is a 3× 3
(dimensionless) complex symmetric matrix, and α is a 2× 2 antisymmetric matrix,
and thus it only contains one (dimensionless) complex parameter, α12. The mass
parametersMΩ andM∆ can be exchanged for vR and vBL, the vacuum expectation
values of the scalar fields that break the LR symmetry, see below.
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Again, family and gauge indices have been omitted for the sake of simplicity. The
LR model itself does not, of course, fix the values of the soft SUSY breaking terms.
In the numerical evaluation of the RGEs we will resort to mSUGRA-like boundary
conditions, i.e. m20 I3×3 = m2Q = m2Qc = m2L = m2Lc , m20 I2×2 = m2Φ, m20 = m2∆ =
m2
∆¯
= m2∆c = m
2
∆¯c
= m2Ω = m
2
Ωc , M1/2 = M1 = M2 = M3, TQ = A0YQ, TL =
A0YL, Tf = A0f, Ta = A0a, Tα = A0α, Bµ = B0, BM∆ = B0M∆, BMΩ = B0MΩ.
Here I3×3 and I2×2 are the 3 × 3 and 2 × 2 identity matrices, respectively. The
superpotential couplings f , YQ and YL are fixed by the low-scale fermion masses
and mixing angles. Their values at the GUT scale are obtained by RGE running.
This will be discussed in more detail in section 8.2.4.
The breaking of the LR gauge group to the MSSM gauge group takes place in
two steps: SU(2)R×U(1)B−L → U(1)R ×U(1)B−L → U(1)Y . In the first step the
neutral component of the triplet Ω takes a VEV:
〈Ωc 0〉 = vR√
2
(8.4)
which breaks SU(2)R. However, since I3R(Ω
c 0) = 0 there is a U(1)R symmetry left
over. Next, the group U(1)R × U(1)B−L is broken by
〈∆c 0〉 = vBL√
2
, 〈∆¯c 0〉 = v¯BL√
2
. (8.5)
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Superfield generations SU(3)c SU(2)L U(1)R U(1)B−L
Q 3 3 2 0 13
dc 3 3¯ 1 12 − 13
uc 3 3¯ 1 − 12 − 13
L 3 1 2 0 −1
ec 3 1 1 12 1
νc 3 1 1 − 12 1
Hd 1 1 2 − 12 0
Hu 1 1 2
1
2 0
∆c 0 1 1 1 1 -2
∆¯c 0 1 1 1 -1 2
Ω 1 1 3 0 0
Ωc 0 1 1 1 0 0
Tab. 8.2: Matter content from the SU(2)R breaking scale to the U(1)B−L breaking scale.
The remaining symmetry is now U(1)Y with hypercharge defined as Y = I3R+
B−L
2 .
The tadpole equations do not link Ωc, ∆c and ∆¯c with their left-handed coun-
terparts, due to supersymmetry. Thus, the left-handed triplets can have vanishing
VEVs [377] and the model produces only a type-I seesaw.
Although a “hierarchy” between the two breaking scales may exist, vBL  vR,
one cannot neglect the effects of the second breaking stage on the first one, since
mass terms of Ω and ∆ enter in both tadpole equations. If we assume v¯BL = vBL
the tadpole equations of the model can be written
∂V
∂vR






∗(M∆ +MΩ) + c.c] = 0 , (8.6)
∂V
∂vBL






∗(M∆ +MΩ) + c.c] = 0 . (8.7)
In these equations (small) soft SUSY breaking terms have been neglected. Similarly,
at this stage there are no electroweak symmetry breaking VEVs vd and vu. From
equations (8.6) and (8.7) one sees that, in fact, there is an inverse hierarchy between









And so, vBL  vR requires M∆ MΩ, as has already been discussed in [377].
8.2.2 Step 2: From SU(2)R breaking scale to U(1)B−L breaking scale
At this step the gauge group is SU(3)c×SU(2)L×U(1)R×U(1)B−L. The particle
content of the model from the SU(2)R breaking scale to the U(1)B−L breaking scale
is given in table 8.2.
Some comments might be in order. Despite M∆ being of the order of vR (or
larger), see eq. (8.8), not all components of the ∆ superfields receive large masses.
The neutral components of ∆c and ∆¯c lie at the vBL scale. One can easily check
that the F-term contributions to their masses vanish in the minimum of the scalar
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potential eq. (8.8). Moreover, Ωc does not generate D-terms contributions to their
masses. Therefore, contrary to the other components of the ∆ triplets, they only get
masses at the vBL scale. On the other hand, one might guess that all components in
the Ω,Ωc superfields should be retained at this stage, since their superpotential mass
MΩ is required to be below vBL. However, some of their components get contribu-
tions from SU(2)R breaking, and thus they become heavy. The charged components
of Ωc do develop large masses, in the case of the scalars through D-terms, while in
the case of the fermions due to their mixing with the charged gauginos W˜±R , which
have masses proportional to vR. However, the neutral components of Ω
c do not
get SU(2)R breaking contributions, since they have I3R(Ω
c 0) = 0, and then they
must be included in this energy regime. See reference [378] for a more quantitative
discussion.
After SU(2)R breaking the two bidoublets Φ1 and Φ2 get split into four SU(2)L
doublets. Two of them must remain light, identified with the two Higgs doublets
of the MSSM, responsible for EW symmetry breaking, while, at the same time, the
other two get masses of the order of vR. This strong hierarchy can be only obtained
by imposing a fine-tuning condition on the parameters involved in the bidoublet
sector.
The superpotential terms mixing the four SU(2)L doublets can be rewritten as
WM = (Hfd )TMHHfu (8.9)










u) are the interaction eigenstates. In this
basis reads the matrix
MH =
(
µ11 µ12 + α12MR
µ12 − α12MR µ22
)
, (8.10)
where the relations µij = µji and αij = −αji have been used and MR = vR2 has
been defined. In order to get two light doublets we impose the fine-tuning condition
[378]
Det(MH) = µ11µ22 − (µ212 − α212M2R) = 0 . (8.11)
The result of eq. (8.11) is to split the two Higgs bidoublets into two pairs of doublets
(Hd, Hu)L and (Hd, Hu)R, where (Hd, Hu)L is the light pair that appears in table
8.2, and (Hd, Hu)R a heavy pair with mass of order of vR. In practice, equation
(8.11) implies that one of the superpotential parameters must be chosen in terms of
the others. Since this fine-tuning condition is not protected by any symmetry, the
RGEs do not preserve it, and one must impose it at the SU(2)R breaking scale. In
our computation we chose to compute µ11 in terms of the free parameters µ12, µ22,
α12 and vR.
In order to compute the resulting couplings for the light Higgs doublets one must
rotate the original fields into their mass basis. Since MH is not a symmetric matrix






















u ) are the mass eigenstates. This way one finds
WM = (Hfd )TMHHfu = (Hmd )TDTMHUHmu = (Hmd )T MˆHHmu (8.12)
where MˆH is a diagonal matrix, with eigenvalues













22 − µ212) + (µ222 + µ212)2
)
. (8.13)
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T MˆH = U
T (MH)
TMHU , (8.14)




cos θ1 sin θ1




cos θ2 sin θ2




H1d = cos θ1H
L
d + sin θ1H
R
d ,
H2d = − sin θ1HLd + cos θ1HRd , (8.16)
and similar for Hu. In general the angles θ1 and θ2 are different. However, they
are connected to the same matrix MH and can be calculated by diagonalizing
MH(MH)
T or (MH)





In these expressions Det(MH) = 0 has been used to simplify the result. Exact
Det(MH) = 0 implies that the µ-term of the MSSM is zero, so this condition can
only be true up to small corrections, see the discussion below. Note that there
are two interesting limits. First, µ12  α12MR : this implies tan θ1 = tan θ2 and
therefore D = U . This is as expected, since that limit makes MH symmetric. And,
second, µ12  α12MR : this implies tan θ1 = − tan θ2 and therefore D = UT .
The superpotential at this stage is
W = YuQHuuc + YdQHddc + YeLHdec + YνLHuνc + µHuHd
+ f1c ν
cνc∆c 0 +M1∆c∆
c 0∆¯c 0 + a1c∆
c 0∆¯c 0Ωc 0
+ bΩHdHu + bcΩ
c 0HdHu +MΩΩΩ +MΩcΩ
c 0Ωc 0. (8.18)
Particles belonging to the same SU(2)R gauge multiplets split due to their different
U(1)R charges. At this stage both the LR group, that symmetrizes the SU(2)L and
SU(2)R gauge interactions, and the discrete parity symmetry that we imposed on
the couplings are broken.
The soft terms are

















c 0 †∆¯c 0 +m2ΩΩ
†Ω +m2Ωc 0Ω






0B˜0 +MLW˜LW˜L +MRW˜ 0RW˜
0




TuQ˜Huu˜c + TdQ˜Hdd˜c + TeL˜Hde˜c + TνL˜Huν˜c
+ T 1fc ν˜
cν˜c∆c 0 + T 1ac∆
c 0Ωc 0∆¯c 0 + TbΩHdHu + TbcΩ






∆c 0∆¯c 0 +BMΩΩΩ +BMcΩΩ
c 0Ωc 0 + h.c.
]
.
Again we suppress gauge and family indices.
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We must impose matching conditions at the SU(2)R breaking scale. These are
for superpotential parameters given by
Yd = Y
1
Q cos θ1 − Y 2Q sin θ1 , Yu = −Y 1Q cos θ2 + Y 2Q sin θ2 ,
Ye = Y
1
L cos θ1 − Y 2L sin θ1 , Yν = −Y 1L cos θ2 + Y 2L sin θ2 ,






∆ , MΩc =M
∗
Ω ,
b = 2αR , bc =
√
2α∗R , (8.20)











m2∆c 0 = m
2
∆c ,
m2∆¯c 0 = m
2
∆¯c ,
m2Ωc 0 = m
2
Ωc ,
ML =MR = M2 .




























as obtained when the operator m2ΦΦ





†HLu . Gauge couplings are matched as gL = gR = g2.
8.2.3 Step 3: From U(1)B−L breaking scale to EW/SUSY scale
We mention this stage only for completeness, since the last regime is just the usual
MSSM. We need matching conditions in the gauge sector. Since U(1)R × U(1)B−L
breaks to U(1)Y , the MSSM gauge coupling g1 will be a combination of gR and

















Note that in the last two equations the gauge couplings are GUT-normalized. Elec-









as free parameters and then solve the tadpole equations to find µMSSM and B
µ.
µMSSM must be different from zero, that is Det(MH) can not be exactly zero.
Instead the tuning must be exact up to Det(MH) = O(µ2MSSM). This strong fine-
tuning is required for a correct EWSB and is nothing but the µ-problem of the
MSSM, which we do not attempt to solve here. Finally, tanβ = vuvd is used as a free
parameter. Also the sign of µMSSM is not constrained as usual.
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8.2.4 Neutrino masses, LFV and Yukawa couplings
Neutrino masses are generated after U(1)B−L breaking through a type-I seesaw
mechanism. The matrix f1c leads to Majorana masses for the right-handed neutrinos
once ∆c 0 gets a VEV. We define the seesaw scale as the lightest eigenvalue of
MS ≡ f1c vBL . (8.25)
As usual, we can always rotate the fields to a basis where MS is diagonal.
However, this will introduce lepton flavor violating entries in the YLi Yukawas, see
discussion below. As mentioned above, contrary to non-supersymmetric LR models
[177], there is no type-II contribution to neutrino masses.
Global fits to all available experimental data provide values for the parameters
involved in neutrino oscillations, see table 3.1 for updated results. As first observed
in [211], these data imply that the neutrino mass matrix can be diagonalized to a






















The matrix product Yν ·(f1c )−1 ·Y Tν is constrained by this particular structure. LFV
entries can be present in both Yν and f
1
c , see also the discussion about parameter
counting in the next subsection. However, in the numerical section we will consider
only two specific kinds of fits:
• Yν-fit: flavor structure in Yν and diagonal f1c .
• f -fit: flavor structure in f1c and diagonal Yν .
While at first it may seem either way of doing the fit is equivalent, f1c and Yν in our
setup can leave different traces in the soft slepton mass parameters if vBL  vR.
This last condition is essential to distinguish between both possibilities, because
otherwise one obtains the straightforward prediction that LFV entries in left and
right slepton are equal, due to the assumed LR symmetry above vR.
These two types of fit were already discussed in reference [390], which inves-
tigates low energy LFV signatures in a supersymmetric seesaw model where the
right-handed neutrino mass is generated from a term of the form f∆cνcνc. When
the scalar component of ∆c acquires a VEV a type-I seesaw is obtained, generating
masses for the light neutrinos. Therefore, this model has the ingredients to accom-
modate a Yν-fit, named as Dirac LFV in [390], or a f -fit, named as Majorana LFV.
Note, however, that the left-right symmetry, central in our work, is missing in this
reference, thus implying different signatures at the electroweak scale.
The difference in phenomenology of the two fits can be easily understood consid-
ering approximated expressions for the RGEs form2L andm
2
ec . In the first step, from


































Of course, also the A parameters develop LFV off-diagonals in the running. We
do not give the corresponding approximated equations for brevity. After parity
breaking at the vR scale the Yukawa coupling YL splits into Ye, the charged lepton
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Yukawa, and Yν , the neutrino Yukawa. The later contributes to LFV entries in the
















∆m2ec ∼ 0 , (8.28)
where m2L|vR is the matrix m2L at the scale vR and A2e|vR is defined as Te = YeAe
and also has to be taken at vR. In order to understand the main difference between
the two fits, let us first consider the f -fit. This assumes that Yν is diagonal at
the seesaw scale and thus the observed low energy mismatch between the neutrino
and charged lepton sectors is due to a non-trivial flavor structure in f1c . Of course,
non-diagonal entries in f generate in the running also non-diagonal entries in Yν
and Ye, but these can be neglected in first approximation. In this case, equations
(8.27) and (8.28) show that the LR symmetry makesm2L andm
2
ec run with the same
flavor structure and the magnitudes of their off-diagonal entries at the SUSY scale
are similar. If, on the other hand, Yν is non-trivial (Yν -fit), while f is diagonal, the
running from the GUT scale to the vR scale induces again the same off-diagonal
entries in m2L and m
2
Lc . However, from vR to vBL the off-diagonals entries in m
2
L
continue to run, while those in m2ec do not. This effect, generated by the right-
handed neutrinos via the Yν Yukawas, induces additional flavor violating effects in
the L sector compared to the R sector. Seeing LFV in both left- and right slepton
sectors thus allows us to indirectly learn about the high energy theory. We will
study this in some detail in the phenomenology section below, where the numerical
results will be presented.
8.2.5 Parameter counting
Let us briefly summarize the free parameters of the model. With the assumption of
mSUGRA (or better: mSUGRA-like) boundary conditions, in the SUSY breaking
sector we only have the standard parameters m0, M1/2, A0, tanβ, sign(µMSSM).
Thus, we count 4+1 parameters in the soft terms. We note in passing that the soft
terms of the heavy sector, of course, do not have to follow strictly the conditions
outlined in equation (8.3), as long as these parameters are small compared to vBL
there are no changes compared to the above discussion.
In the superpotential we have a, α, µ, M∆ and MΩ. This leaves, at first sight, 7
parameters free. However, we can reduce them to 4+2 parameters as follows. Since
αij = −αji, α only contains one free parameter: α12. The matrix µ has 3 entries,
but one of them, µ11, is fixed by the fine-tuning condition Det(MH) = O(µ2MSSM).
This leaves two free parameters, µ12, µ22. We have traded M∆ and MΩ for the
VEVs vR, vBL, since ln(
vR
vBL
) and ln(vGUTvR ) enter into the RGEs and thus can,
at least in principle, be determined from low-energy spectra. There are then in
summary 6 parameters, four independent of low-energy constraints and two which
could be fixed from LFV data, see below.
In addition, in the superpotential we have the Yukawa matrices YQi , YLi and f .
Let’s consider the quark sector first. Since we can always go to a basis in which one
of the YQi is diagonal with only real entries, there are 12 parameters. Ten of them
are fixed by six quark masses, three CKM angles and the CKM phase, leaving two
phases undetermined.
In the lepton sector we have the symmetric matrices, YL1 and YL2 . As with
the quark sector, a basis change shows that there are only 12 free parameters. f is
symmetric and thus counts as another 9 parameters. Going to a basis in which f is
diagonal does not reduce the number of free parameters, since in this basis we can
no longer assume one of the YLi to be diagonal. In summary there are thus free 21
parameters in these three matrices.
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In the simple, pure seesaw type-I with three generations of right-handed neu-
trinos the number of free parameters is 21. Only 12 of them can be fixed from
low-energy data: three neutrino and three charged lepton masses, three leptonic
mixing angles and three phases (two Majorana and one Dirac phase). However, as
pointed out in [347], in principle, m2L contains 9 observable entries and thus, if the
normalization (i.e. m0, A0, tanβ etc.) is known from other sfermion measurements,
one could re-construct the type-I seesaw parameters 4.
How does the SUSY LR model compare to this? We have, as discussed above,
also 21 parameters in the three coupling matrices, but neutrino masses depend also
on vBL. However, in principle, we have 9 more observables in m
2
ec , assuming again
that the soft SUSY breaking terms can be extracted from other measurements.
Since in the RGEs also vR appears we have in total 23 parameters which need to be
determined. The number of observables, on the other hand is fixed to 30 in total, as
we have 12 (low-energy lepton sector) plus 9 (left sleptons) plus 9 (right sleptons)
possible measurements.
8.3 Phenomenology
8.3.1 Procedure for numerics
All necessary, analytical expressions were calculated with SARAH. For this pur-
pose, two different model files for the model above the two threshold scales were
created and used to calculate the full set of 2-loop RGEs. SARAH calculates the
RGEs using the generic expressions of [384] in the most general form respecting the
complete flavor structure. These RGEs were afterwards exported to Fortran code
and implemented in SPheno. As starting point for the RGE running, the gauge
and Yukawa couplings at the electroweak scale are used. In the calculation of the
gauge and Yukawa couplings we follow closely the procedure described in reference
[301]: the values for the Yukawa couplings giving mass to the SM fermions and the
gauge couplings are determined at the scale MZ based on the measured values for
the quark, lepton and vector boson masses as well as for the gauge couplings. Here,
we have included the 1-loop corrections to the mass of W- and Z-boson as well as
the SUSY contributions to δV B for calculating the gauge couplings. Similarly, we
have included the complete 1-loop corrections to the self-energies of SM fermions
[391]. Moreover, we have resummed the tanβ enhanced terms for the calculation
of the Yukawa couplings of the b-quark and the τ -lepton as in [301]. The vacuum
expectation values vd and vu are calculated with respect to the given value of tanβ
at MZ . Since we are working with two distinct threshold scales, not all heavy fields
are integrated out at their mass and the corresponding 1-loop boundary conditions
at the threshold scales are needed. It is known that these particles cause a finite

























Ii2(r) is the Dynkin index of a field transforming as representation r with respect to
the gauge group belonging to the gauge coupling gi, M is the mass of this particle
and MT is the threshold scale. When evaluating the RGEs from the low to the
high scale, the contribution is positive, when running down, it is negative. The
different masses used for calculating the finite shifts are the eigenvalues of the full
4 Of course, this discussion is slightly academic, since at least one of the Majorana phases will
never be measured in praxis.
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Fig. 8.1: 1-loop running of the gauge couplings for the choice of scales mSUSY = 1 TeV,
vBL = 10
14 GeV and vR = 10




on the energy scale µ is shown. Different gauge couplings are represented in the
different energy regimes. For µ ∈ [mZ , vBL] one has α−13 (blue), α−1L (green) and
α−1Y (red). For µ ∈ [vBL, vR] one has α−13 (blue), α−1L (green), α−1R (purple) and




2 ≡ α−1L = α−1R (green) and α−1BL
(red).
tree-level mass matrix of the charged, heavy particles removed from the spectrum.
The correct mass spectrum is calculated in an iterative way.
Some comments on the determination of the GUT scale are now in order. In
our numerical procedure the GUT scale is defined as the scale at which gBL = g2 =
gGUT holds. Generally, there is difference with g3 to gGUT in the percent range, the
actual numerical mismatch depending on the scales vBL and vR and being larger
for lower values of vBL and vR. Figure 8.1 shows an example for the choice of
scales mSUSY = 1 TeV, vBL = 10
14 GeV and vR = 10
15 GeV. It has been stressed
in particular in [393] that within supersymmetric LR models, the LR symmetry
breaking scale has to be close to the GUT scale, otherwise this mismatch will grow
too large.
However, several solutions are known. In [394] it was pointed out that GUT
thresholds - unknown unless the GUT model, including the complete Higgs sector
used to break the GUT symmetry, is specified - can lead to important corrections,
accounting for this apparent non-unification5. Another possibility is the addition
of new particles to the spectrum. As clearly seen in figure 8.1, unification is not
obtained due to a too fast running of g3. This can be fixed by adding new superfields
charged under SU(3)c but singlet under the other gauge subgroups, as pointed out
in [396]. Two examples are shown in figure 8.2, where the addition of triplets of
SU(3)c has been considered. To the left, one generation is added atmSUSY , whereas
to the right five generations are added at vBL. In both cases the new contributions
to the running of g3 are sufficient to obtain gauge coupling unification.
Nevertheless, in our numerical procedure we simply use gBL = g2 = gGUT and
attribute departures from complete unification to (unknown) thresholds and/or the
existence of additional colored particles below mGUT .
After applying the GUT scale boundary conditions, the RGEs are evaluated
down to the low scale and the mass spectrum of the MSSM is calculated. The
MSSM masses are, in general, calculated at the 1-loop level in the DR scheme
using on-shell external momenta. For the Higgs fields also the most important 2-
5 For a discussion of these effects in the context of SU(5) see [395].
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Fig. 8.2: 1-loop running of the gauge couplings for the choice of scales mSUSY = 1 TeV,
vBL = 10
14 GeV and vR = 10
15 GeV. Contrary to figure 8.1, gauge coupling
unification is obtained thanks to additional colored superfields. In the left panel,
one triplet under SU(3)c, singlet under the other gauge subgroups, is added at
mSUSY , whereas in the right panel five generations of the same superfield are
added at vBL. See figure 8.1 for the color code.
loop contributions are taken into account. We note that the corresponding Fortran
routines are also written by SARAH but they are equivalent to the routines included
in the public version of SPheno based on [391]. The iteration stops when the largest
change in the calculation of the SUSY and Higgs boson masses at mSUSY is below
one per-mille between two iterations.
8.3.2 Mass spectrum
The appearance of charged particles at scales between the electroweak scale and the
GUT scale leads to changes in the beta functions of the gauge couplings [190, 363].
This does not only change the evolution of the gauge couplings but also the evolution
of the gaugino and scalar mass parameters [363, 356]. The LR model contains
additional triplets, and similar to what is observed in the seesaw models [357] the
mass spectrum at low energies is shifted with respect to mSUGRA expectations.
Two examples of this behaviour are shown in figure 8.3. In this figure we show the
two lightest neutralino masses and the masses of the left and right smuons versus
vBL (left side) and vR (right side). We note that also all other sfermion and gaugino
masses show the same dependence and in general smaller values are obtained for
lower values of vBL and vR. One finds that gaugino masses depend stronger on vBL
and vR than sfermion masses and that right sleptons are the sfermions for which
the sensitivity to these VEVs is smallest.
The change in the low energy spectrum, however, maintains to a good degree
the standard mSUGRA expectation for the ratios of gaugino masses, as shown in
figures 8.4 and 8.5. Here, figure 8.4 shows the ratios M1/M2 and M2/M3 versus
vBL, while figure 8.5 shows the same ratios versus vR. Shown are the results for
three different SUSY points, which in the limit of vR, vBL → mGUT approach the
standard SPS points SPS1a’ [302], SPS3 and SPS5 [341]. For example, the ratio
M1/M2 is expected to be (5/3) tan
2 θW ' 0.5 at 1-loop order in mSUGRA. The
exact ratio, however, depends on higher order corrections, and thus on the SUSY
spectrum. The LR model will thus appear rather mSUGRA like, if these ratios are
measured. Only with very high precision on mass measurements, possible only at
a linear collider, can one hope to find any (indirect) dependence on vBL and vR.
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Fig. 8.3: Example of spectra at the SUSY scale and its dependence on vBL (left side)
and vR (right side). The masses of four states are shown: χ˜
0
1 (blue line), χ˜
0
2
(blue dashed line), µ˜R (red line) and µ˜L (red dashed line). In both panels the
mSUGRA parameters have been taken as in the SPS3 benchmark point.
























Fig. 8.4: Gaugino mass ratios as a function of vBL for the fixed value vR = 10
15 GeV.
To the left, M1/M2, whereas to the right M2/M3. In both figures the three
colored lines correspond to three mSUGRA benchmark points: SPS1a’ (blue),
SPS3 (green) and SPS5 (red). Note the small variation in the numbers on the Y
axis.


























Fig. 8.5: Gaugino mass ratios as a function of vR for the fixed value vBL = 10
14 GeV.
To the left, M1/M2, whereas to the right M2/M3. In both figures the three
colored lines correspond to three mSUGRA benchmark points: SPS1a’ (blue),
SPS3 (green) and SPS5 (red). Note the small variation in the numbers on the Y
axis.
8.3.3 Low energy LFV
Lepton flavor violation in charged lepton decays has attracted a lot of attention
for decades. Processes like µ → eγ are highly suppressed in the standard model
(plus non-zero neutrino masses) due to the GIM mechanism [224], and thus the
observation of these rare decays would imply new physics. The MEG experiment
[293] is currently the most advanced experimental setup in the search for µ+ → e+γ.
This rare decay will be observed if its branching ratio is above the MEG expected
sensitivity, around Br(µ→ eγ) ∼ 10−13.
LFV decays like li → ljγ are induced by 1-loop diagrams with the exchange of
neutralinos and sleptons. They can be described by the effective Lagrangian, see






RPR)lj + h.c. . (8.31)
Here PL,R =
1
2 (1∓ γ5) are the usual chirality projectors and therefore the cou-
plings AL and AR are generated by loops with left and right sleptons, respectively.
In our numerical calculation we use exact expressions for AL and AR. However, for
an easier understanding of the numerical results, we note that the relation between








where mSUSY is a typical supersymmetric mass. Here it has been assumed that (a)
chargino/neutralino masses are similar to slepton masses and (b) A-terms mixing
left-right transitions are negligible. Therefore, due to the negligible off-diagonal
entries in m2ec , a pure seesaw model predicts AR ' 0.
The branching ratio for li → ljγ can be calculated from the previous formulas.
The result is




|AijL |2 + |AijR |2
)
Br(li → ljνiν¯j) . (8.33)
Figure 8.6 shows two examples for Br(µ → eγ) in the m0,M1/2 plane. Here, we
have fixed vBL = 10
14 GeV and vR = 10
15 GeV and show to the left MS = 10
12
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Fig. 8.6: Contours of Br(µ → eγ) in the m0,M1/2 plane for vBL = 1014 GeV and vR =
1015 GeV. To the left MS = 10
12 GeV, whereas to the right MS = 10
13 GeV.
Neutrino oscillation data have been fitted with the Yν fit, assuming degenerate
right-handed neutrinos, MRi =MS .
GeV, whereas to the right MS = 10
13 GeV. Once Yukawas are fitted to explain the
observed neutrino masses, the branching ratio shows an approximately quadratic
dependence on the seesaw scale, with lower MS giving smaller Br(µ → eγ). As
expected, the branching ratio also strongly decreases as m0 and/or M1/2 increase.
This is because the superparticles in the loops leading to µ → eγ become heavier
in these directions, suppressing the decay rate. In fact, from equations (8.32) and
(8.33) one easily finds the dependence








which shows that Br(µ→ eγ) decreases as m−8SUSY .
It is also remarkable that for a given seesaw scale, Br(µ→ eγ) is sizeably larger
in the LR model than in a pure seesaw type-I model, see for example [359]. The
explanation of this is that right sleptons contribute significantly in the LR model
to Br(µ → eγ) and these contributions are absent in seesaw models.
As already discussed, a pure seesaw model predicts simply AR ' 0. However, in
the LR model we expect a more complicated picture. Left-right symmetry implies
that, above the parity breaking scale, non-negligible flavor violating entries are
generated in m2ec . Therefore, AR 6= 0 is obtained at low energy. The angular
distribution of the outgoing positron at, for example, the MEG experiment could
be used to discriminate between left- and right-handed polarized states [397, 398].
If MEG is able to measure the positron polarization asymmetry, defined as
A(µ+ → e+γ) = |AL|
2 − |AR|2
|AL|2 + |AR|2 , (8.35)
there will be an additional observable to distinguish from minimal seesaw models.
In a pure seesaw model one expects A ' +1 to a very good accuracy. However, the
LR model typically leads to significant departures from this expectation, giving an
interesting signature of the high energy restoration of parity.
Figure 8.7 shows contours for A(µ+ → e+γ) in the m0,M1/2 plane. For the
corresponding branching ratios see figure 8.6. Note the rather strong dependence
on m0. The latter can be understood as follows. Since vBL in these examples is one
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Fig. 8.7: Contours of A(µ+ → e+γ) in the m0,M1/2 plane. To the left MS = 1012 GeV,
whereas to the right MS = 10
13 GeV. The parameters have been chosen as in
figure 8.6.
order of magnitude smaller than vR, and the Yν fit has been used, the LFV mixing
angles in the left slepton sector are larger than the corresponding LFV entries in
the right sleptons. At very large values of m0, were the masses of right and left
sleptons are of comparable magnitude, therefore “left” LFV is more important and
the model approaches the pure seesaw expectation. At smaller values of m0, right
sleptons are lighter than left sleptons, and due to the strong dependence of µ→ eγ
on the sfermion masses entering the loop calculation, see eq. (8.32), AR and AL can
become comparable, despite the smaller LFV entries in right slepton mass matrices.
In the limit of very small right slepton masses the model then approaches A ∼ 0.
We have not explicitly searched for regions of parameter space with A < 0, but one
expects that negative values for A are possible if vBL is not much below vR and
sleptons are light at the same time, i.e. small values of m0 and M1/2. Note that,
again due to the LR symmetry above to vR, the model can never approach the limit
A = −1 exactly.
The positron polarization asymmetry is very sensitive to the high energy scales.
Figure 8.8 shows A as a function of vR for MS = 1013 GeV, vBL = 1014 GeV and
the mSUGRA parameters as in the SPS3 benchmark point. The plot has been
obtained using the Yν fit. This example shows that as vR approaches mGUT the
positron polarization A approaches +1, which means AL dominates the calculation.
This is because, in the Yν fit, the right-handed LFV soft slepton masses, and thus
the corresponding AR coupling, only run from mGUT to vR.
A(µ+ → e+γ) also has an important dependence on the seesaw scale. This is
shown in figure 8.9, where A is plotted as a function of the lightest right-handed
neutrino mass. This dependence can be easily understood from the seesaw formula
for neutrino masses. It implies that larger MS requires larger Yukawa parameters
in order to fit neutrino masses which, in turn, leads to larger flavor violating soft
terms due to RGE running. However, note that, for very small seesaw scales all
lepton flavor violating effects are negligible and no asymmetry is produced, since
AL ∼ AR ∼ 0.
In addition, figure 8.9 shows again the relevance of vR, which determines the
parity breaking scale at which the LFV entries in the right-handed slepton sector
essentially stop running. Lighter colors indicate larger vR. As shown already in
figure 8.8 for a particular point, the positron polarization approaches +1 as vR is
increased.















Fig. 8.8: Positron polarization asymmetry A(µ+ → e+γ) as a function of vR for the pa-
rameter choice MS = 10
13 GeV and vBL = 10
14 GeV. The mSUGRA parameters
have been taken as in the SPS3 benchmark point and neutrino oscillation data










Fig. 8.9: Positron polarization asymmetry A(µ+ → e+γ) as a function of the seesaw scale,
defined as the mass of the lightest right-handed neutrino, for the parameter choice
vBL = 10
15 GeV and vR ∈ [1015, 1016] GeV. Lighter colors mean higher values
of vR. The mSUGRA parameters have been taken as in the SPS3 benchmark
point and neutrino oscillation data have been fitted with the Yν fit, assuming
degenerate right-handed neutrinos, MRi =MS .










Fig. 8.10: Positron polarization asymmetry A(µ+ → e+γ) as a function of the ratio
vBL/vR. The seesaw scale MS has been fixed to 10
13 GeV, whereas vBL and
vR take values in the ranges vBL ∈ [1014 , 1015] GeV and vR ∈ [1015, 1016] GeV.
Lighter colors indicate larger vBL. The mSUGRA parameters have been taken
as in the SPS3 benchmark point and neutrino oscillation data have been fitted
with the Yν fit, assuming degenerate right-handed neutrinos, MRi =MS.
Below the SU(2)R breaking scale parity is broken and left and right slepton
soft masses evolve differently. The approximate solutions to the RGEs in equations
(8.27) and (8.28) show that, if neutrino data is fitted according to the Yν fit, the left-
handed ones keep running from the SU(2)R breaking scale to the U(1)B−L scale. In
this case one expects larger flavor violating effects in the left-handed slepton sector
and a correlation with the ratio vBL/vR, which measures the difference between the
breaking scales. This correlation, only present in the Yν fit, is shown in figure 8.10.
On the one hand, one finds that as vBL and vR become very different, vBL/vR 
1, the positron asymmetry approaches A = +1. On the other hand, when the
two breaking scales are close, vBL/vR ∼ 1, this effect disappears and the positron
polarization asymmetry approaches A = 0. Note that the Yν fit does not usually
produce a negative value for A since the LFV terms in the right slepton sector never
run more than the corresponding terms in the left-handed sector. The only possible
execption to this general rule is, as discussed above, in the limit of very small m0
and vBL/vR ∼ 1.
The determination of the ratio vBL/vR from figure 8.10 is shown to be very
inaccurate. This is due to the fact that other parameters, most importantly mGUT
(which itself has an important dependence on the values of vBL and vR), have a
strong impact on the results. Therefore, although it would be possible to constrain
the high energy structure of the theory, a precise determination of the ratio vBL/vR
will require additional input. Figure 8.11, on the other hand, shows that the po-
larization asymmetry A(µ+ → e+γ) is much better correlated with the quantity
log(vR/mGUT )/ log(vBL/mGUT ). This is as expected from equations (8.27) and
(8.28) and confirms the validity of this approximation.
We close our discussion on the positron polarization asymmetry with some com-
ments on the f fit. Since this type of fit leads to ∆m2L ∼ ∆m2ec ∼ 0 in the vBL− vR
energy region, there is little dependence on these symmetry breaking scales. This
is illustrated in figure 8.12, where the asymmetry A is plotted as a function of vR
for three different mSUGRA benchmark points: SPS1a’ (blue line), SPS3 (green
line) and SPS5 (red line). One clearly sees that the dependence on vR is quite weak
compared to the Yν fit. In fact, the variations in this figure are mostly due to the
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Fig. 8.11: Positron polarization asymmetry A(µ+ → e+γ) as a function of
















Fig. 8.12: Positron polarization asymmetry A(µ+ → e+γ) as a function of vR for three
different mSUGRA benchmark points: SPS1a’ (blue line), SPS3 (green line) and
SPS5 (red line). In this figure a fixed value vBL = 10
14 GeV is taken. Neutrino
oscillation data have been fitted with the f fit.



























































Fig. 8.13: Br(τ˜i → χ˜01e) and Br(τ˜i → χ˜01µ) as a function of the seesaw scale, defined as the
mass of the lightest right-handed neutrino, for the parameter choice vBL = 10
15
GeV and vR = 5 · 1015 GeV. The dashed lines correspond to τ1 ' τR and the
solid ones to τ2 ' τL. To the left, the mSUGRA parameters have been taken as
in the SPS1a’ benchmark point, whereas to the right as in the SPS3 benchmark
point. In both figures neutrino oscillation data have been fitted according to
the f fit, with non-degenerate right-handed neutrinos. The blue shaded regions
are excluded by µ→ eγ.
changes in the low energy supersymmetric spectrum due to different vR values. In
the case of the f -fit one then typically finds A ∈ [0.0− 0.3].
8.3.4 LFV at LHC/ILC
Lepton flavor violation might show up at collider experiments as well. Although the
following discussion is focused on the LHC discovery potential for LFV signatures,
let us emphasize that a future linear collider will be able to determine the relevant
observables with much higher precision.
Figure 8.13 shows Br(τ˜i → χ˜01 e) and Br(τ˜i → χ˜01 µ) as a function of the seesaw
scale. The dashed lines correspond to τ1 ' τR and the solid ones to τ2 ' τL. As
in the case of µ→ eγ, see figure 8.6, lower seesaw scales imply less flavor violating
effects due to smaller Yukawa couplings. Moreover, figure 8.13 presents the same
results for two different benchmark points, SPS1a’ and SPS3. As already shown
in figure 8.6, µ → eγ is strongly dependent on the SUSY spectrum. For lighter
supersymmetric particles, as in the benchmark point SPS1a’, µ → eγ is large,
setting strong limits on the seesaw scale and thus on the possibility to observe
LFV at colliders. In the case of heavier spectrums, as in SPS3, µ → eγ is still
the most stringent constraint, but larger values of the seesaw scale and thus LFV
violating branching ratios become allowed. Whether decays such as Br(τ˜i → χ˜01 e)
and Br(τ˜i → χ˜01 µ) are observable at the LHC or not, thus depends very sensitively
on the unknown m0, M1/2 and MS .
Furthermore, the right panel of figure 8.13 also shows that right staus can also
have LFV decays with sizeable rates. Of course, as emphasized already above, this
is the main novelty of the LR model compared to pure seesaw models. This is direct
consequence of parity restoration at high energies.
Moreover, as in our analysis of the positron polarization asymmetry, one expects
to find that if the difference between vR and vBL is increased, the difference between
the LFV entries in the L and R sectors gets increased as well. This property of the
Yν fit is shown in figure 8.14, which shows branching ratios for the LFV decays of
the staus as a function of vBL for vR ∈ [1015, 5 · 1015] GeV. As the figure shows,





















Fig. 8.14: Br(τ˜L → χ˜01 µ) and Br(τ˜R → χ˜01 µ) as a function of vBL for MS = 1013 GeV
and vR ∈ [1015, 5 · 1015 ] GeV. Red dots correspond to τ1 ' τR, whereas the blue
ones correspond to τ2 ' τL. The mSUGRA parameters have been taken as in
the SPS3 benchmark point and neutrino oscillation data have been fitted with
the Yν fit, assuming degenerate right-handed neutrinos, MRi =MS.
the theoretical expectation is confirmed numerically: the difference between Br(τ˜L)
and Br(τ˜R) strongly depends on the difference between vR and vBL.
The question arises whether one can determine the ratio vBL/vR by measuring
both Br(τ˜L) and Br(τ˜R) at colliders. Figure 8.15 attempts to answer this. Here
the ratio Br(τ˜R → χ˜01 e)/Br(τ˜L → χ˜01 e) is plotted as a function of vBL/vR. A
measurement of both branching ratios would allow to constrain the ratio vBL/vR
and increase our knowledge on the high energy regimes. For the sake of brevity
we do not present here the analogous plots for other LFV slepton decays and/or
other lepton final states, since they show very similar correlations with vBL/vR. For
example, in principle, one could also use the ratio Br(µ˜R → χ˜01 τ)/Br(µ˜L → χ˜01 τ)
to determine the ratio between the two high scales.
However, as observed also in the polarization asymmetry for µ→ eγ there is an
important dependence on other parameters of the model, especially the exact value
of mGUT . This implies a theoretical uncertainty in the determination of vBL/vR.
Again, as for A, a much better correlation with log(vR/mGUT )/ log(vBL/mGUT ) is
found, see figure 8.16.
In conclusion, to the determine vBL and vR individually more theoretical input
is needed, such as the GUT scale thresholds, which are needed to fix the value
of mGUT . Recall, that we did not specify the exact values of these thresholds
in our numerical calculation. This leads to a “floating” value of mGUT when vR
and vBL are varied. Also more experimental data is needed to make more definite
predictions. Especially SUSY mass spectrum measurements, which may or may not
be very precise at the LHC, depending on the SUSY point realized in nature, will
be of great importance. Recall that, if in reach of a linear collider, slepton mass
and branching ratio measurements can be highly precise.
So far only slepton decays have been discussed. This served to illustrate the
most interesting signatures of the model, namely, lepton flavor violation in the
right slepton sector. However, LHC searches for lepton flavor violation usually
concentrate on the decay chain [399, 400, 401]
χ˜02 → l˜±l∓ → χ˜01l±l∓ .
This well known signature has been widely studied due to the accurate information
it can provide about the particle spectrum [402, 403, 404, 405, 303]. Note that in

















Fig. 8.15: Br(τ˜R → χ˜01 µ)/Br(τ˜L → χ˜01 µ) as a function of vBL/vR. The seesaw scale
MS has been fixed to 10
13 GeV, whereas vBL and vR take values in the ranges
vBL ∈ [1014, 1015] GeV and vR ∈ [1015, 1016] GeV. Lighter colors indicate larger
vBL. The rest of the parameters have been chosen as in figure 8.14.






















Fig. 8.16: Br(τ˜R → χ˜01e)/Br(τ˜L → χ˜01e) as a function of log(vR/mGUT )/ log(vBL/mGUT ).
The parameters have been chosen as in figure 8.15.
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this decay one assumes usually that the χ˜02 themselves stem from the decay chain
q˜L → qχ˜02. If the mass ordering mχ˜02 > ml˜ > mχ˜01 is realized, the dilepton invariant
mass [404, 304], defined as m2(l+l−) = (pl+ + pl−)2, has an edge structure with a


















where the masses of the charged leptons have been neglected. The position of this
edge can be measured with impressively high precision at the LHC [402, 403, 404],
implying also an accurate determination of the intermediate slepton masses.





j → χ˜01l±i l∓j and their masses allow these chains to be on-shell, two different
dilepton edge distributions are expected [406, 364]. This presents a powerful tool to
measure slepton mass splittings, which in turn allows to discriminate between the
standard mSUGRA expectation, with usually negligible mass splittings for the first
two generations, and extended models with additional sources of flavor violation.
The relation between the slepton mass splitting and the variation in the position






















Here ∆mll(i, j) = mlili −mlj lj is the difference between two edge positions, ∆ml˜ =
ml˜i − ml˜j the difference between slepton masses and m¯ll and m¯l˜ average values




been neglected in equation (8.37).
A number of studies about the dilepton mass distribution have been performed
[402, 403, 404], concluding that the position of the edges can be measured at the
LHC with an accuracy up to 10−3. Moreover, as shown in reference [364], this can
be generally translated into a similar precision for the relative e˜− µ˜ mass splitting,
with some regions of parameter space where values as small as 10−4 might be
measurable. Since this mass splitting is usually negligible in a pure mSUGRA
scenario, it is regarded as an interesting signature of either lepton flavor violation
or non-universality in the soft terms. Furthermore, in the context of this paper, it
is important to emphasize that pure seesaw models can have this signature only in
the left slepton sector [365].




tion of the seesaw scale. Large values for MS lead to sizeable deviations from the
mSUGRA expectation, with a distinctive multi-edge structure in the dilepton mass
distribution. Moreover, this effect is found in both left- and right- mediated decays.
Observing this affect would clearly point towards a non-minimal seesaw model, such
as the LR model we discuss.
As expected, these observables are correlated with other LFV signals [407, 365].













(mass distribution with intermediate R slep-
tons). Again, the main novelty with respect to the usual seesaw implementations
is the correlation in the right sector, not present in the minimal case [365].
Furthermore, the process χ˜02 → χ˜01l+i l−j might provide additional LFV signatures
if the rate for decays with li 6= lj is sufficiently high. Reference [408] has investi-
gated this possibility in great detail, performing a complete simulation of the CMS
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(right-hand side) as a function of the seesaw
scale, defined as the mass of the lightest right-handed neutrino, for the parame-
ter choice vBL = 10
15 GeV and vR ∈ [1015, 1016] GeV. Blue dots correspond to
the mass distribution generated by intermediate left sleptons whereas red dots
correspond to the mass distribution generated by the right ones. The mSUGRA
parameters have been taken as in the SPS3 benchmark point and neutrino oscil-





















































side). The parameters are chosen as in figure 8.17.















Fig. 8.19: Keµ as a function of the lightest right-handed neutrino mass, for the parameter
choice vBL = 10
15 GeV and vR = 5 · 1015 GeV. The blue curve corresponds to
contributions from intermediate L sleptons, whereas the red one corresponds to
intermediate R sleptons. The mSUGRA parameters have been taken as in the
SPS3 benchmark point, which satisfies m(χ˜02) > m(l˜i) > m(χ˜
0
1), and thus the
intermediate L and R sleptons can be produced on-shell. Neutrino oscillation
data have been fitted according to the f fit, with non-degenerate right-handed
neutrinos. The blue shaded region is excluded by µ→ eγ.




Br(χ˜02 → χ˜01ee) +Br(χ˜02 → χ˜01µµ)
, (8.38)
which parametrizes the amount of flavor violation in χ˜02 decays. The study, focused
on the CMS test point LM1 (m0 = 60 GeV, M1/2 = 250 GeV, A0 = 0 GeV,
tanβ = 10, sign(µ) = +) [405], concludes that LFV can be discovered at the LHC
at 5σ level with an integrated luminosity of 10fb−1 if Keµ ≥ Kmineµ = 0.04.
Figure 8.19 shows our computation of Keµ as a function of the lightest right-
handed neutrino mass, for the parameter choice vBL = 10
15 GeV and vR = 5 · 1015
GeV. The results are shown splitting the contributions from intermediate left (blue)
and right (red) sleptons. Although the selected mSUGRA parameters belong to
the SPS3 point, and not to LM1 as in reference [408], a similar sensitivity for
Kmineµ is expected
6. This is because the reduction in the cross-section due to the
slightly heavier supersymmetric spectrum is possibly partially compensated by the
corresponding reduction in the SM background and thus a limiting value Kmineµ of a
similar order is expected. Moreover, [408] uses 10 fb−1 and with larger integrated
luminosities even smaller Kmineµ should become accessible at the LHC.
The main result in figure 8.19 is that for large MS values the rates for LFV
χ˜02 decays are measurable for both left and right intermediate sleptons. In fact,
for MS & 10
12 GeV the parameter Keµ is above its minimum value for the 5σ
discovery of χ˜02 → χ˜01eµ. See references [408, 409] for more details on the LHC
discovery potential in the search for LFV in this channel.
6 Moreover, the LM1 point, being very similar to SPS1a’, is strongly constrained by µ→ eγ.
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8.4 Summary
This chapter presents a supersymmetric left-right symmetric model. The motivation
for studying this setup is twofold. First, LR models are theoretically attractive, since
they contain all the necessary ingredients to generate a seesaw mechanism, instead
of adding it by hand as is so often done. And, second, in a setup where the SUSY
LR is supplemented by flavor blind supersymmetry breaking boundary conditions,
different from all pure seesaw setups, lepton flavor violation occurs in both, the left
and the right slepton sectors.
We have calculated possible low-energy signals of this SUSY LR model, using
full 2-loop RGEs for all parameters. We have found that low-energy lepton flavor
violating decays, such as µ→ eγ are (a) expected to be larger than for the corres-
ponding mSUGRA points in parameter space of seesaw type-I models and (b) the
polarization asymmetry A of the outgoing positron is found to differ significantly
from the pure seesaw prediction of A = +1 in large regions of parameter space. We
have also discussed possible collider signatures of the SUSY LR model for LHC and
a possible ILC. Mass splittings between smuons and selectrons and LFV violating
slepton decays should occur in both the left and the right slepton sector, again
different from the pure seesaw expectations.
SUSY LR model is a good example of a “beyond” minimal, pure seesaw and
offers many interesting novelties. For example, the impact of the intermediate scales
on dark matter relic density and on certain mass combinations and the influence
of the right-handed neutrino spectrum on low energy observables, are topics that
certainly deserve further studies.
9. SUMMARY
The subject of this thesis is the phenomenology of neutrino mass models in super-
symmetry. Both analytical and numerical tools have been employed in the research
this thesis is based on, the results of which have been described in the previous
chapters. In the following lines the main conclusions will be summarized and a
global picture of the thesis will be presented.
Two different approaches to neutrino masses have been studied in this thesis:
(1) R-parity violating models with broken lepton number, and (2) supersymmetric
left-right models that conserve R-parity at low energies. In both cases a detailed
study of the phenomenology has been performed, obtaining numerical predictions
for present and future experiments.
More emphasis has been put on the falsifiability of the models rather than on
their verification. In fact, it is impossible to verify a model. In this sense, Popper’s
idea of science has been applied all along this thesis, looking for clear experimental
signatures which, if not observed, disprove the models under investigation.
In the first part of the thesis the phenomenology of two R-parity violating models
has been investigated. In this setup neutrinos get masses due to their mixing with
the higgsinos in what can be regarded as an electroweak version of the seesaw
mechanism. The cleanest prediction in this type of models is the sharp correlation
that is found between LSP decays and neutrino physics. This can be used to rule
out the model at colliders if a clear deviation is found from the predicted ratios.
When R-parity is broken spontaneously a Goldstone boson appears in the spec-
trum, the so-called majoron. This leads to many novel signatures, some of which
have been studied in this thesis. We found that invisible LSP decays might be
dominant if the scale of lepton number breaking is low. This would require large
statistics to distinguish s-/Rp from the MSSM with conserved R-parity. However,
if low energy experiments are taken into account new perspectives open up. The
search for exotic muon decays involving majorons in the final state is of great help
to solve the potential confusion, since the branching ratios for these processes are
enhanced in the same region of parameter space where the LSP decays mainly to
invisible channels.
If, on the other hand, R-parity is broken explicitly, no majoron is generated
in the model. This is the case of the µνSSM which, nevertheless, has a very rich
phenomenology at colliders. It combines the clear correlations found in bilinear R-
parity breaking models with the interesting possibility, also present in the NMSSM,
of a light singlet. The phenomenology of the µνSSM with one or two generations
of singlet superfields is described in this thesis, together with the characterization
of neutrino masses in both cases.
The second part of this thesis is devoted to the study of a non-minimal super-
symmetric left-right model that leads to R-parity conservation at low energies. In
this case neutrino masses are generated with a type-I seesaw mechanism.
The model is described in detail and its RGEs are computed at 2-loop level
including threshold corrections at the intermediate scales. This is numerically im-
plemented with the help of tools like Sarah and SPheno, which have been used
extensively in this thesis. The resulting code is able to calculate the soft masses of
the sleptons at the SUSY scale and, as usual, the inclusion of the seesaw mechanism
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leads to the appearance of off-diagonal entries in these matrices. As a consequence
of this, lepton flavor violating signatures at the SUSY scale are obtained.
However, in addition to the known phenomenology in the left slepton sector, we
have found signatures in the right one, which clearly points to a non-minimal seesaw
implementation. Observables like right slepton LFV decays and mass splittings or
positron polarization asymmetry in µ+ → e+γ different from A = +1 would be
clear hints towards an underlying left-right symmetry.
Moreover, measurements of ratios like Br(τ˜R → χ˜01µ)/Br(τ˜L → χ˜01µ) constrain
the high energy structure of the model, since they are correlated with the ratio
vBL/vR. However, a precise knowledge of the particle spectrum is needed if one
wants to set strong and reliable bounds.
Finally, other observables are slightly changed with respect to minimal seesaw
models. This is the case of µ → eγ, whose branching ratio gets increased due to
the new right-handed slepton contributions.
As a general conclusion from this thesis, neutrino masses make us think that a
rich phenomenology will be found at the LHC and other experiments in progress.
Only through the careful examination of the new data we will be able to disentangle
the different signals and find out which of our models, if any, is the right description
of nature.
APPENDIX
A. S-/Rp : APPROXIMATED COUPLINGS
With broken R-parity the lightest supersymmetric particle decays. Here we list the
most important couplings of the lightest neutralino in s-/Rpusing the seesaw approx-
imation. In the numerical calculations discussed in the thesis, all mass matrices are
exactly diagonalized in order to obtain the exact couplings. For the understand-
ing of the main qualitative features of the LSP decays, however, the approximated
couplings listed below are very helpful.













T is the matrix which diagonalizes either the part of the (3, 3) effective
neutrino mass matrix, proportional to a or c, depending on which gives the larger
eigenvalue.
χ˜01 −W± − l∓i couplings are found from the general expressions for the χ˜0 −
W± − χ˜∓ vertices






















































Det+ is the determinant of the MSSM chargino mass matrix and N is the matrix



































The most important difference to the explicit R-parity violating models comes from
























Because the spontaneous breaking of lepton number produces a massless pseudo-
scalar, eq. (A.7) leads to a coupling χ˜01 − J − νi, i.e a new invisible decay channel
for the lightest neutralino. In the limit vi  vR, vS one can find the approximated
majoron profile in equation (5.30) and easily obtain simplified expressions for its
couplings.






































In the limit vR, vS → ∞ one can derive a very simple approximation formula for
Oχ˜01νkJ . It s given by
1






(g′N11 − gN12) + h.O. (A.10)
Here, h.O. stands for higher order terms. Eq. (A.10) serves to show that for
constant ˜i and v˜i, Oχ˜01νkJ → 0 as vR goes to infinity. This is as expected, since for
vR →∞ the spontaneous model approaches the explicit bilinear model. Note, that
only the presence of the field ν̂c is essential for the coupling Eq. (A.10). If Ŝ is
absent, replace V → vR.
In addition to the Majoron in considerable parts of the parameter space one
also finds a rather light singlet scalar, called the “scalar partner” of the Majoron in























Different from the Majoron, however, there is no simple analytical approximation
for RSJ . We write symbolically
RsSJk =
(
RSJHd , RSJHu , RSJ L˜0k
, RSJφ, RSJ S˜ , RSJ ν˜c
)
, (A.13)
1 We correct here a misprint in [291].
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As eqs. (A.14) shows, χ˜01 → SJ + νi has a partial decay width similar in size to the
decay χ˜01 → J + νi, as soon as kinematically allowed. Since, on the other hand, SJ
decays practically always with a branching ratio close to 100 % into two Majorons,
χ˜01 → SJ + νi gives in general a sizeable contribution to the invisible width of the
neutralino.








vS(Nj7Ni5 +Ni7Nj5)− vR(Nj7Ni6 +Ni7Nj6)
]
. (A.15)
B. S-/Rp : µ→ EJ VS µ→ EJγ
Let us compare the constraining power of µ → eJ and µ → eJγ in order to know
which one is better suited for putting bounds in the s-/Rp parameter space.
Background
Both processes have standard model background. Since the majoron escapes detec-
tion it is seen experimentally as missing energy, what makes µ→ eJ indistinguish-
able from the usual µ → eνν¯, and µ → eJγ indistinguishable from the radiative
decay µ → eνν¯γ. According to the PDG [44], these are the branching ratios for
these decays:
Br(µ→ eνν¯) ' 100%
Br(µ → eνν¯γ) = (1.4± 0.4)% (B.1)
In addition, µ → eJγ has also a very important accidental background due to
photons produced in other processes inside the detector. If they happen to be in
coincidence with an electron produced in µ → eνν¯, there is no way to distinguish
the event from the prompt decay µ→ eνν¯γ. This will be discussed below.
Bounds on branching ratios
The first step to find bounds for the parameters is to put a bound on the corres-
ponding branching ratio.
Let N be the effective number of muons which are used in the experiment
(the total number minus the muons which are lost due to non-perfect detector
acceptance). Then, for a given process, we can split the possible final states as
N = ns + nb + no (B.2)
where ns is the number of events of the signal we are interested on, nb is the
number of events of its background, and no is the number of events involving other
final states.
In order to claim detection of a given signal we have to find an excess over the
background larger than the background uncertainty. This means
ns >
√
nb ⇒ Detection (B.3)
Therefore, if the process is not observed, the bound on the branching ratio is
given by
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After this brief introduction, let us estimate expressions for the bounds that
µ→ eJ and µ→ eJγ would have if they are not observed.
For the case of µ → eJ the background has a branching ratio close to 1, and
therefore nb ' N . This implies
Br(µ→ eJ)bound ' 1√
N
(B.6)
For the case of µ → eJγ we need to know the number of events of µ → eνν¯γ,
what is related to its branching ratio
Br(µ→ eνν¯γ) = α
8pi
I ′ (B.7)
where I ′ is a four-body phase space integral. Then, since n = Br ×N , we get











The integral I ′ is found to be typically smaller than one, and then the bound
on this branching ratio is potentially better. However, since the calculation of
parameter bounds using µ → eJγ also implies small factors, namely another α
factor and the three-body phase space integral of the process, it is not clear a priori
whether we can get better bounds, with respect to µ → eJ , or not. This is what
we want to answer in the following.
Background supression
In order to supress as much background as possible we can use kinematical relations
involving Ee, Eγ and cos θeγ to distinguish between µ→ eJγ and µ→ eνν¯γ.
Let us note that in a three-body decay the angle between the directions of two
particles can be determined using their energies. This is the case for µ→ eJγ, that
allows to find a relation
θeγ = f(Ee, Eγ) (B.9)
In contrast, for a four-body decay, like µ → eνν¯γ, θeγ can be taken as another
free parameter. Therefore, the relative directions of the additional two particles
provide a higher-dimensional phase space. For our calculation this implies that I ′
has to be calculated integrating over the possible values of Ee, Eγ and cos θeγ , while
for µ→ eJγ we will get an integral, I, over Ee and Eγ only.
Moreover, for experimental purposes this means that the prompt decay µ →
eνν¯γ can have electron-photon pairs with directions forbidden by the relation (B.9).
This can be used to suppress the background, eliminating events which are clearly
outside the allowed phase space for µ→ eJγ.
In practice one can measure the quantities Ee and Eγ , with their corresponding
errors, and calculate the hypothetical θeγ that would be predicted with (B.9), also
with its corresponding error. The problem is that the errors in the energies of the
electron and the photon (order % for the MEG experiment [293]) are too large to
predict an accurate value for θeγ , giving only an allowed range and implying that
many µ→ eνν¯γ events can survive this kinematical cut.
For that reason, although the background is supressed and the integral I ′ has
a clearly lower value than it would have without the cut, the result is not optimal,
still having a lot of µ→ eνν¯γ events which cannot be distinguished from µ→ eJγ.
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Comparison
There is a simple relation between the branching ratios of µ→ eJ and µ→ eJγ:
Br(µ→ eJγ) = α
2pi
IBr(µ→ eJ) (B.10)
where I is the corresponding three-body phase space integral.
We can use (B.10) to find out which process can give us the best bound. Let us
suppose that our experiment is designed to look for photons in the final state. In
that case we can get a bound on Br(µ→ eJγ) as explained in the previous section,
and use it to obtain an indirect bound on Br(µ→ eJ) thanks to equation (B.10).























Numerically it has been found that
I√
I ′
∼ [0.1− 7] (B.13)








Br(µ→ eJ)indirectbound < 1 (B.14)
This means that the bound coming from µ → eJγ will not be better than
a possible bound coming directly from µ → eJ , since the background given by
µ → eνν¯γ makes it hard to see a positive signal. This could be different if the
measurement of the electron and photon energies was more precise. In that case
the uncertainty in the angle θeγ would be small enough to supress much more
background, allowing us to get better bounds on the parameters of the model.
It is also important to remember that the MEG experiment focuses on electrons
and photons in the last energy bin (both particles with energies close to mµ/2),
since they are interested in the detection of µ→ eγ. The reduction of the accidental
background, see below, demands this restriction as well. That way, by taking very
small energy windows, the supression of the background µ → eνν¯γ is extremely
good, and in practice they work in the regime in which there are no background
events from the radiative decay. If we stay in the same phase space region we also
have no background, but the integral I decreases strongly. Both things compensate,
giving again the same final result for the possible bounds.
Accidental background
Finally, let us mention that the process µ → eγ is also plagued with an important
background coming from photons produced in other processes that happen to be
accidentally in coincidence with electrons. In fact, this is the strongest limitation
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in experiments like MEG, which require to focus on very small deviations from
coincidence in order to claim detection.
In principle, one could reduce the accidental background by applying a cut on
the relative time ∆teγ , the difference between the detection times of photon and
electron. However, this is restricted by current technology to be around 100 ps
[293]. Further developments might provide a better time resolution, what would
imply a better reduction of the background from accidental photons.
In conclusion, one has to add the limitation coming from accidental background
to the previous discussion. As a consequence, it is not possible to enlarge the
measurement window, due to the strong rise of accidental photons.
C. µνSSM: TADPOLE EQUATIONS





























































































































































































































































u2 = v2d − v2u + v2e + v2µ + v2τ (C.5)
and there is no sum over the index s in equation (C.4).
D. µνSSM: MASS MATRICES
In the scalar mass matrices shown below the tadpole equations have not yet been
used to reduce the number of free parameters.
Charged Scalars










L, e˜R, µ˜R, τ˜R)(
S−
′)T
= (H−d , (H
+
u )





the scalar potential includes the term
V ⊃ (S−′)TM2S±S+′ , (D.2)
where M2S± is the (8× 8) mass matrix of the charged scalars. In the ξ = 0 gauge it






















[(g2 + g′2)v2d + (g




























































[(g2 + g′2)v2u + (g















































































































∗Y jsν vRs (D.6)

























































































In the basis (
S0
′)T




s , ν˜i) (D.9)
the scalar potential includes the term
V ⊃ (S0′)TM2S0S0′ (D.10)























The matrix elements are given as follows:

















































































































































































































































































































































∗ + Y jsν (Y
it
ν )
∗ + h.c.] (D.16)



































∗ + h.c.] (D.17)
Pseudoscalars
In the basis (
P 0
′)T




s , ν˜i) (D.18)
the scalar potential includes the term
V ⊃ (P 0′)TM2P 0P 0′ (D.19)






































































































































































































ν + h.c.) (D.23)












































































































































∗ + h.c.] (D.26)
Neutral Fermions




(− iB˜0,−iW˜ 03 , H˜0d , H˜0u, νcs , νi) (D.27)







0 + h.c. (D.28)










Mχ0 is the usual mass matrix of the neutralinos in the MSSM
Mχ˜0 =

M1 0 − 12g′vd 12g′vu
0 M2
1
2gvd − 12gvu− 12g′vd 12gvd 0 −µ
1
2g
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The mixing between the neutralinos and the singlet νcs is given by
(mTχ˜0νc)s =
(
0 0 − 1√
2
λsvu − 1√2λsvd + 1√2viY isν
)
. (D.32)
mχ˜0ν is the neutralino-neutrino mixing part
mTχ˜0ν =















Y isν vu (D.35)




























gvu 0 0 0
1√
2
gvd µ − 1√2Y i1e vi − 1√2Y i2e vi − 1√2Y i3e vi
1√
2
gve −e 1√2Y 11e vd 0 0
1√
2
gvµ −µ 0 1√2Y 22e vd 0
1√
2
gvτ −τ 0 0 1√2Y 33e vd
 . (D.38)
E. µνSSM: SINGLET SCALAR/PSEUDOSCALAR 1-LOOP
CONTRIBUTIONS TO THE NEUTRINO MASS MATRIX
An estimate of the 1-loop correction to the effective neutrino mass matrix com-
ing from the singlet scalar/pseudoscalar contribution in figure E.1 is given in this
appendix.
1 ν̂c model
The tree-level neutrino mass matrices can be written as
mtreeij = aΛiΛj (E.1)
where a and Λi are defined in section 6.3.1. After diagonalizing the tree-level
mass matrix and adding (only) the corrections due to loops with right-handed sneu-













The Λ˜i parameters are the alignment parameters Λi rotated with the matrix Uν
that diagonalizes the tree-level neutrino mass matrix:
Λ˜i = (U
T
ν )ijΛj = (Uν)jiΛj (E.3)
∆12 is the squared mass difference of the two right-handed sneutrino mass eigen-



















where Nij is the matrix that diagonalizes the 5 × 5 mass matrix of the heavy
neutralinos. Finally, C0(k), is a Passarino-Veltman function [262]






Fig. E.1: 1-loop correction to the effective neutrino mass matrix involving the singlet
scalar/pseudoscalar.
C0(k) ≡ C0(0, 0, 0,m2k,m2R,m2I) (E.5)
In order to compare this loop correction with the tree-level value, it is interesting















where Det0 is the determinant of the usual MSSM neutralino mass matrix.
Now, using this expression, it is possible to understand the importance of this
















If we stay in the perturbative regime, the superpotential coupling k is at most
O(1) and therefore this loop correction cannot be very large. This conclusion has
been checked numerically.
2 ν̂c model




























The definitions of these parameters are similar to those shown in the previous
section, but the expressions are different. In fact, the contributions from both right-
handed sneutrinos take the same form, just exchanging the indices. Then, we give
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only the formulas for the first right-handed sneutrino, omitting the index in the
notation.






R1 − k1λ1vuvd +
1
3
T 111k vR1 + T
112
k vR2) (E.12)






























































λivRi, the coefficients a, b and c are given in section 6.3.2 and we
have defined
∆du = mγv
2vd − 4M1M2µvu (E.17)
∆ud = mγv
2vu − 4M1M2µvd (E.18)
The connection between Ck1 and C
k
2 allows us to prove that the determinant
of the 1-loop mass matrix vanishes, implying that after adding this loop correction
there is still one zero eigenvalue. In conclusion, this loop does not generate a new
mass scale.
The complicated structure of the resulting expressions does not allow to find an
approximated formula to get a clue about the importance of the loop. Numerically
it has been shown that for low values of vR1 and vR2, below 1-5 TeV, the corrections
to mν2 and mν3 are typically of order ∼ 10−3mtreeν2,3 , with a few points in parameter
space where it reaches ∼ 10−2mtreeν2,3 . For higher values of vR1 and vR2 the model
approaches the explicit limit (b-/Rp model): the corrections for mν3 are still small,
but the corrections to mν2 are very important, since the tree-level value goes to zero
in this limit.
F. µνSSM: COUPLING χ˜01 −W± − L∓I
Approximate formulas for the coupling χ˜01 −W± − l∓i can be obtained from the
general χ˜0i −W± − χ˜∓j interaction lagrangian
















































The matrix N diagonalizes the neutral fermion mass matrix while the matrices U
and V diagonalize the charged fermion mass matrix, see appendix D.
As was already mentioned for the case of neutral fermions in section 6.3, it is
possible to diagonalize the mass matrices in very good approximation due to the
fact that the /Rp parameters are small. Defining the matrices ξ, ξL and ξR, that will





























































where Det+ = − 12g2vdvu +M2µ is the determinant of the MSSM chargino mass
matrix, µ = 1√
2





ν . The expressions for the matrix ξ depend
on the number of singlet generations in the model. Particular cases can be found
in (6.37) and (6.45).
Using the previous equations and assuming that all parameters are real , one
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It is important to emphasize that all previous formulas, and the following simplified
versions, are tree-level results. More simplified formulas are possible if the lightest
neutralino has a large component in one of the gauge eigenstates. These particular
limits are of great interest to understand the phenomenology:
Bino-like χ˜01





OcnwRi1 = 0 . (F.6)
For the 1 ν̂c-model this implies that a bino-like χ˜01 couples to Wli proportionally
to Λi, see equation (6.37), without any dependence on the i parameters.
On the other hand, for the 2 ν̂c-model, the more complicated structure of the
ξ matrix, see equations (6.45) and (6.49), implies a coupling of a bino-like χ˜01 with




(aΛi + bαi) (F.7)
However, a simple estimate of the relative importance of these two terms is
possible. By assuming that all masses are at the same scale mSUSY , the couplings
κ and λ are of order 0.1, and the /Rpterms Y
i
ν and vi are of order h/Rp andmSUSY h/Rp
respectively, one can show that aΛi ∼ 200 bαi. Therefore, one gets a coupling
which is proportional, in very good approximation, to Λi, as confirmed by the exact
numerical results shown in the main part of the paper. Similar arguments apply for
models with more generations of right-handed neutrinos.
In conclusion, for a bino-like neutralino the coupling χ˜01−W±−l∓i is proportional
to Λi to a good approximation.
Higgsino-like χ˜01
This limit is characterized by N213 + N
2
14 = 1 and N1m = 0 for m 6= 3, 4. If
the coupling OcnwRi1 is neglected due to the supression given by the charged lepton













OcnwRi1 ' 0 . (F.8)
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Equations (6.37) and (6.45) show that the i terms cancel out in the coupling (F.8),
and therefore one gets dependence only on Λi in the 1 ν̂
c-model, and (Λi, αi) in the
2 ν̂c-model. However, this cancellation is not perfect in OcnwRi1 and thus one still has
some dependence on i.
Singlino-like χ˜01
The limit in which the right-handed neutrino νcs is the lightest neutralino is char-





OcnwRi1 = 0 . (F.9)
For the 1 ν̂c-model this expression implies that a pure singlino-like χ˜01 couples
to Wli proportional to Λi, see equation (6.37), without any dependence on the i
parameters. This proportionality to Λi is different to what is found in spontaneous
R-parity violation, where the different structure of the corresponding ξ matrix [289]
implies that the singlino couples to Wli proportionally to i.
For the n ν̂c-model one finds that the coupling χ˜01 −W±− l∓i for a singlino-like
neutralino has little dependence on Λi. For example, in the 2 ν̂
c-model one finds
that the element ξi5, corresponding to the right-handed neutrino ν
c














The coupling has two pieces, one proportional to Λi and one proportional to αi.
However, the αi piece gives the dominant contribution, as can be shown using an
estimate completely analogous to the one done for a bino-like χ˜01. In this case, the
ratio between the two terms in equation (F.10) is αi-piece ∼ 8 Λi-piece, sufficient
to ensure a very good proportionality to the αi parameters. This estimate has been
corroborated numerically.
G. SUSYLR: RENORMALIZATION GROUP EQUATIONS
We present in the following appendices our results for the RGEs of the model above
the U(1)B−L breaking scale. We will only show the β-functions for the gauge
couplings and the anomalous dimensions of all chiral superfields. We briefly discuss
in this appendix how these results were calculated. Furthermore, we show how they
can be used to calculate the other β-functions of the models and give as example
the 1-loop results for the soft SUSY breaking masses of the sleptons. The complete
results are given online on this site
http://theorie.physik.uni-wuerzburg.de/~fnstaub/supplementary.html
In addition, the corresponding model files for SARAH are also given on this web
page.
Calculation of supersymmetric RGEs








































2 − 3C2(G)C2(i)] , (G.4)
and the β-functions for the gauge couplings are given by
β(1)g =g
3 [S(R)− 3C2(G)] , (G.5)
β(2)g =g
5
{−6[C2(G)]2 + 2C2(G)S(R) + 4S(R)C2(R)}− g3Y ijkYijkC2(k)/d(G) .
(G.6)
Here, C2(i) is the quadratic Casimir for a specific superfield and C2(R), C2(G) are
the quadratic Casimirs for the matter and adjoint representations, respectively.
d(G) is the dimension of the adjoint representation.
The β-functions for the superpotential parameters can be obtained by using super-







G. SUSYLR: Renormalization Group Equations 162
The (..) in the superscripts denote symmetrization. Most of the β-functions of the
models can be derived from these results using the procedure given in [412] based
on the spurion formalism [413]. In the following, we briefly summarize the basic
ideas of this calculation for completeness.








l(jkγi)l − 2Y l(jkγ1i)l ,
βijb = b














j = Oγij , (G.12)













Here, M is the gaugino mass and Y˜ ijk = (m2)ilY
jkl + (m2)j lY
ikl + (m2)klY
ijl.
Eqs. (G.9) - (G.10) hold in a class of renormalization schemes that includes the
DRED′-one [414]. We take the known contributions of X from [415]:
XDRED
′(1) = −2g3S , (G.14)
XDRED
′(2) = (2r)−1g3tr[WC2(R)]− 4g5C2(G)S − 2g5C2(G)QMM∗(G.15)
where














With Q = T (R) − 3C2(G), and T (R) = tr [C2(R)], r being the number of group
generators.
From GUT scale to SU(2)R breaking scale
In the following sections we will use the definitions





= Y ijkL (G.18)
and in the same way T ijQk and T
ij
Lk






















































































































































































Y TLn − 4Y ∗LmY †LnYLnY TLm − 2f †
(






































































YLn − 4Y †LmYLnY TLmY ∗Ln − 2f
(





































2(ααα∗α∗ + α∗α∗αα) + 3(αα∗αα∗ + α∗αα∗α)
)






























































































































































































































































































































































− 6|a|2 + 8g22
)
(G.40)
Note that the previous formulas are totally general and can be applied with any
number of bidoublets. Nevertheless, if two bidoublets are considered αα∗ = α∗α
and further simplifications are possible.
Beta functions for soft breaking masses of sleptons
Using the procedure explained in section G, we can calculate the soft breaking
masses for the sleptons. The results are
















































































(m2Q)mn − (m2Qc)mn − (m2L)mn + (m2Lc)mn
]
(G.43)


















































































































































































































































































































































− Y ∗ν FcY Tν

































































































































Yν − 2(f1†c + f1∗c )Y Tν Y ∗ν (f1c + f1Tc )
































































































































































































































































































































































































































































































= 28g4L − |b|2
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= −2|a1c |4 − |a1c |2
(
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Beta functions for soft breaking masses of sleptons
Again, the results for the slepton soft SUSY breaking masses at 1-loop are shown.












































































∆c 0 −m2∆¯c 0) + Tr
[








ec − 3m2uc −m2νc
]





























































− 28|b|2 + 3
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